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The length of rest interval between sets (i.e., inter-set rest interval) is an important variable for resistance exercise program. However, the impact of the inter-set rest interval on improvements in cognitive function following resistance exercise remains unknown. In this study, we compared the effect of short rest interval (SRI) vs. long rest interval (LRI) protocols on post-exercise cognitive inhibitory control (IC) improvements induced by low-intensity resistance exercise. Twenty healthy, young males completed both SRI and LRI sessions in a crossover design. The bilateral knee extensor low-intensity resistance exercise was programed for six sets with 10 repetitions per set using 40% of one-repetition maximum. The inter-set rest interval lengths for SRI and LRI protocols were set for 1 and 3min, respectively. The color-word Stroop task (CWST) was administrated at six time points: baseline, pre-exercise, immediate post-exercise, and every 10min during the 30-min post-exercise recovery period. The levels of blood lactate, which may be an important determinant for improving IC, throughout the 30-min post-exercise recovery period were significantly higher following SRI protocol than following LRI protocol (p=0.002 for interaction effect). In line with this result, large-sized decreases in the reverse-Stroop interference score, which represent improved IC, were observed immediately after SRI protocol (d=0.94 and 0.82, respectively, vs. baseline and pre-exercise) as opposed to the moderate-sized decreases immediately after LRI protocol (d=0.62 and 0.66, respectively, vs. baseline and pre-exercise). Moreover, significant decreases in the reverse-Stroop interference score were observed from 10 to 30min after SRI protocol (all ps<0.05 vs. baseline and/or pre-exercise), whereas no such decrease was observed after LRI protocol. Furthermore, the degree of decreases in the reverse-Stroop interference score throughout the 30-min post-exercise recovery period was significantly greater in SRI protocol than in LRI protocol (p=0.046 for interaction effect). We suggest that the SRI protocol is more useful in improving post-exercise IC, potentially via greater circulating lactate levels, compared to the LRI protocol. Therefore, the inter-set rest interval length may be an important variable for determining the degree of cognitive function improvements following resistance exercise in healthy young males.
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INTRODUCTION

Skeletal muscle weakness, as seen in decreased muscle mass and strength, is a prominent factor that indicates poor prognosis in older individuals and patients with chronic diseases (Ruiz et al., 2008). Many people with skeletal muscle weakness also present decreased cognitive function (Chang et al., 2016), which is also a poor prognostic factor (DeCarli, 2003). Because a complication of skeletal muscle weakness and decreased cognitive function additively exacerbates physical inactivity (Atkinson et al., 2005), resolution of this public health problem worldwide is now urgent.

Resistance exercise is the most beneficial strategy for increasing skeletal muscle size and strength (Williams et al., 2007; American College of Sports Medicine, 2009). Additionally, long-term intervention of resistance exercise improves cognitive function in healthy young and older individuals (Northey et al., 2018; Ludyga et al., 2020). Furthermore, long-term resistance exercise is effective in improving cognitive function in patients with chronic diseases, including cognitive impairment (e.g., mild cognitive impairment; Northey et al., 2018). Therefore, resistance exercise has recently been recognized as an effective strategy for enhancing skeletal muscle and cognitive health in various populations.

The inhibitory control (IC) is a specific cognitive function that is defined as the suppression of behavior in response to either internal or external stimuli (Ozonoff and Strayer, 1997). This is necessary to prevent the implementation of an unrequired action during cognitive processing (Coxon et al., 2007). Therefore, the IC is important for all cognitive processes (Smith and Jonides, 1999).

Some meta-analytical investigations have suggested that improvement in cognitive function induced by an acute bout of exercise was greater in moderate-intensity exercise than in low- and high-intensity exercises (Chang et al., 2012; McMorris and Hale, 2012). Thus, the relationship between exercise intensity and cognitive function improvement generally appears to have an inverted-U shape (Tomporowski, 2003). However, improvements in post-exercise cognitive function, including IC, when aerobic exercise is performed may be affected not only by exercise intensity but also by other exercise variables such as exercise duration and exercise mode (e.g., continuous exercise vs. interval exercise; Chang et al., 2012; Moreau and Chou, 2019; Oberste et al., 2019; Ai et al., 2021). Furthermore, post-exercise cognitive function improvements may be delayed following high-intensity exercise (Chang et al., 2012; Moreau and Chou, 2019; Ai et al., 2021). More importantly, most previous studies that were included in the meta-analytical investigations examined using aerobic exercise (Chang et al., 2012; McMorris and Hale, 2012; Moreau and Chou, 2019; Oberste et al., 2019; Ai et al., 2021). Altogether, the impacts of exercise variables, such as exercise intensity, on improvements in cognitive function induced by an acute bout of resistance exercise are poorly understood.

We and others have previously reported that some resistance exercise protocols, particularly those with high-intensity loads, effectively improve post-exercise IC in various populations (e.g., Brush et al., 2016; Johnson et al., 2016; Tsukamoto et al., 2017a; Tomoo et al., 2020). Furthermore, our previous studies found that this resistance exercise-induced positive effect on IC can also be observed using low-intensity loads (Tsukamoto et al., 2017a; Tomoo et al., 2020). Therefore, the relationship between exercise intensity and IC improvements induced by resistance exercise may be slightly different from that induced by aerobic exercise.

The low-intensity resistance exercise is known to be a higher applicability, because of lower loads to the body on cardiovascular and musculoskeletal system, than high-intensity resistance exercise in some populations, especially older individuals and patients with chronic disease (Williams et al., 2007). However, our previous study reported that the degree of IC improvement immediately after resistance exercise was greater for high-intensity resistance exercise than for low-intensity resistance exercise (Tsukamoto et al., 2017a). This suggests that a conventional protocol with lower-intensity loads may be inadequate for improving post-exercise IC. Therefore, it would be useful to identify effective strategies for enhancing IC improvement following low-intensity resistance exercise.

The length of rest interval between sets (i.e., inter-set rest interval) is an important variable for resistance exercise program. Previous studies have reported that short rest interval (SRI) protocol may be more useful to enhancing resistance training-induced muscle adaptation (e.g., muscle hypertrophy and strength gain) than long rest interval (LRI) protocol (Takarada and Ishii, 2002; Goto et al., 2004). This positive effect of long-term resistance exercise with SRI may be at least partially due to increased levels of by-products such as lactate during an acute bout of this protocol (Kraemer et al., 1990, 1993). We have previously demonstrated that the increased levels of circulating lactate induced by aerobic exercise are related to the degree of post-exercise IC improvements (Tsukamoto et al., 2016b; Hashimoto et al., 2018), potentially by increasing cerebral lactate metabolism (Hashimoto et al., 2018). Based on these findings, we hypothesized that the SRI protocol would be more effective in enhancing low-intensity resistance exercise-induced IC improvements, potentially with greater circulating lactate levels, compared to the LRI protocol. To test this hypothesis, we compared the effect of SRI vs. LRI protocols on IC improvements following low-intensity resistance exercise.



MATERIALS AND METHODS


Participants

Twenty healthy, young males (age: 20.7±0.5years, body height: 172.8±1.0cm, body weight: 62.9±1.2kg) participated in this study. The subjects were recruited via flyers or referral from participants who were previously included in the study. The subjects were recreationally active and participated in physical exercise (e.g., resistance exercise and/or aerobic exercise) for 2–4h per week. The subjects were free of any known neurological, cardiovascular, and pulmonary disorders, as well as free from color-blindness and abnormal vision. All subjects provided written informed consent upon having the experimental procedures and potential risks described to them. The study was approved by the Ethics Committee of Ritsumeikan University and conducted according to the Declaration of Helsinki.



Experimental Design

Experimental procedures of this study are presented in Figure 1. On the day of familiarization visit, subjects practiced the three types of the color-word Stroop task (CWST) for each a minimum of 10 times until they achieved consistent scores, as in our previous studies (Tsukamoto et al., 2016a,b, 2017a,b, 2018; Hashimoto et al., 2018; Tanaka et al., 2018; Sugimoto et al., 2020, 2021; Tomoo et al., 2020). During the familiarization day, the subjects also completed measurement of one-repetition maximum (1-RM) of the bilateral knee extension, which was used to calculate low-intensity exercise load for both SRI and LRI protocols.
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FIGURE 1. Experimental procedures for experimental sessions of inter-set short rest interval (SRI) and long rest interval (LRI) protocols. The bilateral knee extensor resistance exercise for both SRI and LRI protocols was programmed for six sets with 10 repetitions per set. The inter-set rest interval lengths for SRI and LRI were set for 1 and 3min, respectively. The exercise load for both protocols was applied for 40% of one-repetition maximum. During experimental session, the color-word Stroop task (CWST) was administered at six time points: baseline, pre-exercise (i.e., Pre), immediately after exercise (i.e., 0min at post-exercise recovery), and every 10min during the 30-min post-exercise recovery period.


On the two experiment days, the subjects visited after fasting overnight (i.e., abstinence from food for 12h) and avoiding strenuous physical activity for 24h prior to the experiment. The subjects also abstained from caffeine and alcohol for 12h prior to the experiment and were not taking any medications that would affect their cognitive performances.

In the experiment session, the subjects first practiced the three CWST types for each a minimum of five times before experimental session to minimize the learning effect, as in our previous studies (Tsukamoto et al., 2016a,b, 2017a,b, 2018; Hashimoto et al., 2018; Tanaka et al., 2018; Sugimoto et al., 2020, 2021; Tomoo et al., 2020). After the CWST practice, the subjects rested for 5min and then performed the baseline CWST.

Next, the subjects performed a warm-up exercise at 50W for 5min using a bicycle ergometer (Life Fitness; Schiller Park, IL, United States), as in our previous studies (Tsukamoto et al., 2017a; Tomoo et al., 2020). Our previous studies have confirmed that duration and intensity of the warm-up exercise do not result in positive effect on IC (Tsukamoto et al., 2017a; Tomoo et al., 2020). After the warm-up exercise, the subjects rested for 5min and then performed the pre-exercise CWST to confirm that the warm-up exercise did not affect IC.

Subsequently, the subjects completed either SRI or LRI session. The CWST was performed again immediately after the completion of the exercise session and then repeated three times at 10-min intervals during the 30-min post-exercise recovery period to evaluate the sustainable effects of post-exercise IC improvements, similar to our previous studies (Tsukamoto et al., 2016a,b, 2017b, 2018; Hashimoto et al., 2018; Tanaka et al., 2018; Sugimoto et al., 2020; Tomoo et al., 2020).

Heart rate (HR), ratings of perceived exertion (RPE) and leg discomfort, and electromyography (EMG) activities of the quadriceps femoris muscles during exercise were measured in every set to determine the levels of cardiovascular, perceptual, and neuromuscular responses. Fingertip blood samples were collected immediately before all six CWSTs to assess the effects of metabolic conditions on IC. The Felt Arousal Scale (FAS) and Visual Analogue Scale (VAS) were measured immediately after all CWSTs to assess the effects of psychological conditions on IC.

In a preliminary study, to account for the learning effect on IC improvements following exercise, we examined the effect of sitting at rest for 17min on IC in eight healthy young males. According to the experimental design of the main study, the CWST was administrated at six time points: baseline, before sitting rest, immediately after sitting rest, and every 10min during 30-min after sitting rest. This result showed that response times and accuracies of the three CWST types and the reverse-Stroop interference score (i.e., IC) did not significantly differ among all six time points (data not shown). Therefore, we considered that the results of low-intensity resistance exercise-induced IC improvements obtained in this study were not attributable to a learning effect.



Experimental Protocols

The bilateral knee extensor low-intensity resistance exercise for both SRI and LRI sessions was programmed for six sets with 10 repetitions per set using a leg extension machine (Life Fitness; Schiller Park, IL, United States). The lengths of inter-set rest intervals for SRI and LRI protocols were set for 1 and 3min, respectively, according to previous studies (Kraemer et al., 1990, 1993). An exercise load for both protocols was applied to 40% of 1-RM, as in our previous study (Tsukamoto et al., 2017a). The two experimental sessions were performed at approximately the same time (±1h) in the morning, as separated by 1week.



One-Repetition Maximum

The 1-RM was measured on the familiarization visit and was determined by a successful concentric contraction of the bilateral knee extension to calculate an exercise load for both SRI and LRI protocols, as previously described (Suga et al., 2009; Tsukamoto et al., 2017a; Tomoo et al., 2020). The mean 1-RM of the bilateral knee extension in all subjects was 117±5kg. The mean 40% 1-RM load for both SRI and LRI in all subjects was 46±2kg.



Heart Rate

HR was measured continuously via telemetry (RS400; Polar Electro Japan, Tokyo, Japan). Peak HR was collected every set during exercise session, and the mean value of all six sets was calculated for analysis.



Perceived Exertion

The Borg’s 15-point scale-measured RPE was collected to assess perceived exertion during exercise, which ranges from 6 (no exertion) to 20 (maximal exertion; Borg, 1982). The Borg’s category-ratio scale was collected to assess the leg discomfort during exercise, which ranges from 0 (nothing at all) to 10 (very, very strong; Borg, 1982). Both scales were collected every set during exercise session, and the mean values of all six sets for each were calculated for analysis.



Quadriceps Femoris Electromyography

Prior to the application of electrodes, the subject’s skin was shaved, abraded, and cleaned with alcohol to minimize skin impedance. EMG signals were recorded with surface electrodes from the quadriceps vastus lateralis, vastus medialis, and rectus femoris muscles. The EMG signals were amplified 1,000 times, band-pass filtered between 10 and 500Hz, and sampled at 1,000Hz (MQ-Air; Kissei Comtech, Nagano, Japan). The EMG activities of the three quadriceps femoris muscle during exercise were quantified as the integration of the rectified EMG (iEMG) over 1s. Thereafter, the iEMG were normalized to the highest iEMG (the average value over 1s) that was obtained during the two trials of knee extension maximal voluntary contractions, which was measured after the CWST was completed at the 30-min post-exercise recovery period. Peak iEMGs of each muscle were calculated from the last five repetitions during the first and final sets. Mean iEMG values of the five repetitions during the first and final sets for each muscle were calculated for analyses of this study.



Blood Metabolites

Blood glucose and lactate levels were measured using a glucose (Medisafe FIT Blood Glucose Meter; Terumo, Tokyo, Japan) and lactate analyzer (Lactate Pro 2; Arkray, Kyoto, Japan), respectively.



Color-Word Stroop Task

The detailed methods of the CWST have been described in our previous studies (Tsukamoto et al., 2016a,b, 2017a,b, 2018; Hashimoto et al., 2018; Tanaka et al., 2018; Sugimoto et al., 2020, 2021; Tomoo et al., 2020). The stimuli words were four color names (i.e., RED, YELLOW, GREEN, and BLUE), and they were presented on a 98-inch display. The three types of the CWST consisted of two color text tasks (i.e., congruent and incongruent tasks) and one control black text task (i.e., neutral task). The congruent task, which is a facilitated task, displayed the color names presented in the same-colored text. The neutral task, which is a control task, displayed the color names presented in black text. The incongruent task, which is an interference task, displayed the color names presented in a different-colored text. The subjects were randomly provided the three CWST types, and it was repeated three times (i.e., the three trials per each CWST type). The intervals between each trial were set at 1s. During the CWST, the subjects did not receive feedback regarding their CWST performances (e.g., reaction time and response accuracy) unless there were clear technical errors. All CWSTs throughout the experimental session were measured by the same examiner who was familiar with the procedure.

All CWST trials consisted of 24 stimulus words. The reaction time was evaluated as the total time taken to complete the 24 stimulus words per trial. The response accuracy was evaluated as the error rate of the 24 stimulus words per trial. The mean values of the reaction times and response accuracies on three trials of each CWST type were used for analyses of this study. The IC was assessed using the reverse-Stroop interference score, which was calculated as the difference between the reaction times of the neutral and incongruent tasks. The reverse-Stroop interference score was calculated as [(reaction time of incongruent task – reaction time of neutral task)/reaction time of neutral task×100] (Ikeda et al., 2010). The mean value of the reverse-Stroop interference score on the three trials was used for analyses of this study.



Psychological Conditions for the CWST

FAS is a six-point, single-item scale ranging from 1 (low-arousal) to 6 (high arousal; Svebak and Murgatroyd, 1985). VAS consisted of questions of three psychological types that assess mental fatigue, motivation, and concentration. Each VAS was labeled from 0mm (i.e., not at all) to 100mm (i.e., extremely). Subjects drew lines to indicate their response.



Statistical Analysis

All data are expressed as mean±standard error of the mean. Comparisons of mean values of HR and perceived exertion parameters (i.e., RPE and leg discomfort) during SRI and LRI protocols were performed using a paired Student’s t test. Changes in EMG activities of the three quadriceps femoris muscles during the two protocols were analyzed using two-way (two conditions×two times) repeated-measures ANOVA. Changes in the CWST-related parameters (i.e., reaction time, response accuracy, and the reverse-Stroop interference score) throughout the two experimental sessions were analyzed using two-way (two conditions×six times) ANOVA. If the sphericity assumption was not met, Greenhouse–Geisser corrections were used. Specific differences were identified with a paired Student’s t test or a Bonferroni post hoc test. The statistical significance level was defined at p<0.05. All statistical analyses were conducted using IBM SPSS software (Ver. 19.0, IBM Corp, NY, United States).

The Cohen’s d effect size using the pooled SD was calculated as effect size to determine the magnitude of the difference in measured variables between conditions or time points. This effect size was interpreted as small (0.20–0.49), medium (0.50–0.79) and large (>0.80; Cohen, 1992). Partial eta squared (ηp2) was calculated as effect size to determine the magnitude of main effects of condition and time or interaction effect.

To determine the statistical power and sensitivity of repeated measures effects obtained in this study, we performed repeated measures within-factor post hoc power and sensitivity analyses using an effect size (ƒ) of 0.65 that was calculated from ηp2 (i.e., 0.30) of the time main effect of one-way repeated-measures ANOVA (i.e., six measurements) for a main outcome measure (i.e., the reverse-Stroop interference score for SRI), as computed using G*Power 3.1.9.2 (Faul et al., 2007). The post hoc power analysis, performed with an actual alpha of <0.001, correlation between repeated measures of 0.56, and nonsphericity correction of 0.68, revealed adequate statistical power (1-β) of >0.99. The post hoc sensitivity analysis, performed with this power and other variables same as the post hoc power analysis, revealed sufficient statistical sensitivity to detect a large effect size (ƒ) of 0.48 (Cohen, 1992). The necessary number of subjects to obtain significant repeated measures effects was 5, based on an alpha of 0.50 and power (1-β) of 0.80. Therefore, this study was performed with a sufficient sample size.




RESULTS


Measured Variables During Exercise

Mean HR during exercise did not differ significantly between SRI and LRI protocols (107±2 and 105±2bpm, respectively; p=0.097, d=0.26). In contrast, mean values of RPE and leg discomfort during low-intensity resistance exercise were significantly higher with SRI protocol than with LRI protocol (RPE: 12.7±0.3 vs. 12.1±0.3, respectively; leg discomfort: 4.4±0.3 vs. 3.8±0.3, respectively; both ps<0.01, d=0.49 and 0.45, respectively).

Changes in EMG activities of the three quadriceps femoris muscles during the first and last sets in SRI and LRI protocols are shown in Figure 2. Analyses of EMG activities for all three muscles revealed significant main effects for time (vastus lateralis: F (1, 19)=29.70, p<0.001, ηp2=0.61; vastus medialis: F (1, 19)=10.24, p=0.005, ηp2=0.35; rectus femoris: F (1, 19)=7.82, p=0.012, ηp2=0.29); however, there were no significant main effects for condition (vastus lateralis: F (1, 19)=1.49, p=0.237, ηp2=0.07; vastus medialis: F (1, 19)=0.56, p=0.464, ηp2=0.03; rectus femoris: F (1, 19)=0.45, p=0.510, ηp2=0.02). Post hoc comparisons for these time main effects indicated that the EMG activities for each muscle were significantly higher during the last set than during the first set (all ps<0.05). The EMG activities of all three quadriceps femoris muscles significantly increased during the last set in SRI protocol, but not in LRI protocol, compared with those during the first set (all ps<0.05, d=0.36–0.61). Additionally, analyses of EMG activities for the vastus lateralis and vastus medialis revealed significant interaction effects (vastus lateralis: F (1, 19)=18.46, p<0001, ηp2=0.49; vastus medialis: F (1, 19)=6.61, p=0.019, ηp2=0.26); however, there was no significant interaction effect for the rectus femoris (F (1, 19)=2.70, p=0.117, ηp2=0.12). The vastus lateralis EMG activity during the last set was significantly higher for SRI protocol than for LRI protocol (p=0.026, d=0.54). A trend against such a significance was observed for the vastus medialis EMG activity (p=0.062, d=0.44).
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FIGURE 2. Changes in activation levels of the quadriceps femoris muscles during SRI and RI protocols. Neural activation levels of the quadriceps femoris muscles during the knee extensor resistance exercise were evaluated using the integrated electromyography (iEMG). The peak iEMGs of the three quadriceps femoris muscles during the first and final sets of SRI and LRI protocols were calculated from the last five repetitions, and the five repetitions for each muscle were calculated for the analysis. Values are presented as mean±standard error of the mean. *Significant difference (p<0.001) between the first and final sets during SRI protocol. †Significant difference (p<0.05) between SRI and LRI protocols.




Changes in Blood Metabolites Throughout Experimental Session

Changes in blood metabolites throughout SRI and LRI sessions are presented in Figure 3. Blood glucose analysis revealed no significant main effects for condition and time or no significant interaction effect (condition main effect: F (1, 19)=1.68, p=0.211, ηp2=0.08; time main effect: F (5, 95)=1.64, p=0.157, ηp2=0.08; interaction effect: F (2.51, 47.77)=1.44, p=0.247, ηp2=0.07). In contrast, blood lactate analysis revealed significant main effects for condition (F (1, 19)=18.24, p<0.001, ηp2=0.49) and time (F (1.18, 22.34)=94.65, p<0.001, ηp2=0.83) and a significant interaction effect (F (2.21, 41.90)=7.19, p=0.002, ηp2=0.28). Blood lactate significantly increased immediately after both SRI and LRI protocols compared to that before each exercise (all ps<0.001, d=2.60–3.52 vs. baseline and pre-exercise). The increased lactate remained significant throughout the 30-min post-exercise recovery period for both protocols. The blood lactate levels throughout the 30-min post-exercise recovery period were significantly higher for SRI protocol than for LRI protocol (all ps<0.05, d=0.47–0.56).
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FIGURE 3. Changes in blood glucose and lactate levels throughout SRI and RI sessions. Values are presented as mean±standard error of the mean. *Significant difference (p<0.05) between SRI and LRI sessions. ap<0.05 vs. Baseline, bp<0.05 vs. Pre, cp<0.05 vs. immediately after exercise (i.e., 0min), dp<0.05 vs. 10min after exercise, and ep<0.05 vs. 20min after exercise.




Changes in the CWST-Measured Inhibitory Control Throughout Experimental Session

Reaction times and response accuracies for three CWST types throughout SRI and LRI sessions are summarized in Table 1. Reaction time analysis for incongruent task revealed a significant main effect for time (F (5, 95)=11.10, p<0.001, ηp2=0.37); however, there was no significant main effect for condition (F (1, 19)=2.90, p=0.105, ηp2=0.13) and no significant interaction effect (F (5, 95)=1.86, p=0.109, ηp2=0.09). Post hoc comparison for this time main effect indicated that incongruent reaction time significantly shortened immediately after exercise compared with that before exercise (both ps≤0.001 vs. baseline and pre-exercise). The shortened incongruent reaction time remained significant until 20min after exercise (all ps<0.05 vs. baseline and/or pre-exercise). Analyses of reaction times for congruent and neutral tasks revealed no significant main effects for condition and time and no significant interaction effects (congruent task: F (1, 19)=1.67, p=0.212, ηp2=0.08 for condition main effect, F (5, 95)=2.08, p=0.074, ηp2=0.10 for time main effect, F (5, 95)=1.26, p=0.289, ηp2=0.06 for interaction effect; neutral task: F (1, 19)=0.91, p=0.352, ηp2=0.05 for condition main effect, F (5, 95)=1.77, p=0.126, ηp2=0.09 for time main effect, F (5, 95)=0.56, p=0.729, ηp2=0.03 for interaction effect). Additionally, response accuracy analyses for all three CWST types revealed no significant main effects for condition and time and no significant interaction effects (congruent task: F (1, 19)=0.20, p=0.657, ηp2=0.01 for condition main effect, F (5, 95)=0.25, p=0.940, ηp2=0.01 for time main effect, F (5, 95)=0.48, p=0.793, ηp2=0.02 for interaction effect; neutral task: F (1, 19)=1.96, p=0.178, ηp2=0.09 for condition main effect, F (5, 95)=0.73, p=0.602, ηp2=0.04 for time main effect, F (5, 95)=0.94, p=0.460, ηp2=0.05 for interaction effect; incongruent task: F (1, 19)=0.95, p=0.342, ηp2=0.05 for condition main effect, F (5, 95)=0.93, p=0.463, ηp2=0.05 for time main effect, F (5, 95)=0.83, p=0.534, ηp2=0.04 for interaction effect).



TABLE 1. Changes in reaction times and response accuracies of the three CWSTs throughout experimental sessions of SRI and LRI protocols.
[image: Table1]

Changes in the reverse-Stroop interference scores throughout SRI and LRI sessions are presented in Figure 4. The reverse-Stroop interference score analysis revealed significant main effects for condition (F (1, 19)=5.98, p=0.024, ηp2=0.24) and time (F (2.78, 52.79)=6.30, p=0.001, ηp2=0.25) and a significant interaction effect (F (5, 95)=2.58, p=0.031, ηp2=0.12). The reverse-Stroop interference score significantly decreased after SRI protocol but not after LRI protocol, compared with that before exercise (i.e., see Table 2). Effect sizes for comparison of the reverse-Stroop interference scores before (i.e., baseline and pre-exercise) and after SRI and LRI protocols are listed in Table 2. Large-sized decrease in the reverse-Stroop interference score was observed immediately after SRI protocol (d=0.94 and 0.82, respectively, vs. baseline and pre-exercise), whereas moderate-sized decrease in the reverse-Stroop interference score was observed immediately after LRI protocol (d=0.62 and 0.66, respectively, vs. baseline and pre-exercise). Moreover, significant decreases in the reverse-Stroop interference score were observed from 10 to 30min after SRI protocol (all ps<0.05, d=1.11–1.42 vs. baseline and/or pre-exercise); by contrast, no such significant decrease was observed after LRI protocol (all ps>0.05, d=−0.01 to 0.62). Furthermore, the reverse-Stroop interference scores 20 and 30min after SRI protocol were significantly lower than those after LRI protocol (both ps<0.01, d=1.05 and 0.90, respectively).
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FIGURE 4. Change in the reverse-Stroop interference scores throughout SRI and LRI sessions. Values are presented as mean±standard error of the mean. *Significant difference (p<0.05) between SRI and LRI sessions. Individual p values and effect sizes [95% CI] among time points are summarized in Table 2.




TABLE 2. Effect size and 95% CI for comparison of the reverse-Stroop interference score between before and after SRI and LRI protocols.
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Changes in Psychological Conditions for the CWST Throughout Experimental Session

Changes in psychological conditions for the CWST throughout SRI and LRI sessions are shown in Table 3. Arousal analysis revealed a significant main effect for time (F (2.29, 43.51)=15.77, p<0.001, ηp2=0.45); however, there were no significant main effect for condition (F (1, 19)=0.01, p=0.939, ηp2<0.01) and no significant interaction effect (F (3.01, 58.27)=1.31, p=0.280, ηp2=0.07). Post hoc comparison for this time main effect indicated that arousal significantly increased immediately and 10min after exercise compared with that before exercise (all ps<0.05 vs. baseline and/or pre-exercise). Analyses of mental fatigue and motivation revealed significant effects for time (mental fatigue: F (2.37, 45.07)=16.98, p<0.001, ηp2=0.47; motivation: F (2.48, 47.10)=4.94, p=0.007, ηp2=0.21); however, there were no significant main effects for condition (mental fatigue: F (1, 19)=3.67, p=0.071, ηp2=0.16; motivation: F (1, 19)=0.83, p=0.373, ηp2=0.04) and no significant interaction effects (mental fatigue: F (5, 95)=0.89, p=0.490, ηp2=0.05; motivation: F (2.34, 44.54)=0.69, p=0.531, ηp2=0.04). Post hoc comparison of the time main effect for mental fatigue indicated that it significantly increased immediately after exercise compared with that before exercise (both ps<0.001 vs. baseline and pre-exercise). The increased mental fatigue remained significant until 20min after exercise (all ps<0.01 vs. baseline and pre-exercise). Post hoc comparison of the time main effect for motivation indicated it did not significantly differ among all six time points. Concentration analysis revealed no significant main effects for condition (F (1, 19)=0.34, p=0.569, ηp2=0.02) and time (F (2.59, 49.24)=1.24, p=0.305, ηp2=0.06) and no significant interaction effect (F (5, 95)=1.30, p=0.271, ηp2=0.06).



TABLE 3. Psychological conditions for the CWST throughout SRI and LRI sessions.
[image: Table3]




DISCUSSION

The results of this study showed that large-sized decreases in the reverse-Stroop interference score, which represent improved IC, were observed throughout 30min after SRI protocol. In contrast, moderate-sized decreases in the reverse-Stroop interference score were observed immediately and 10min after LRI protocol. Moreover, significant decreases in the reverse-Stroop interference score were observed from 10 to 30min after SRI protocol, whereas no such significant difference for the reverse-Stroop interference score was observed after LRI protocol. Furthermore, the degree of decreases in the reverse-Stroop interference score throughout the 30-min post-exercise recovery period was greater following SRI protocol than following LRI protocol, as significant interaction effect was observed. Therefore, these present findings suggest that the SRI protocol can effectively improve IC following low-intensity resistance exercise compared to the LRI protocol.

In this study, the reverse-Stroop interference scores immediately after SRI and LRI protocols were decreased by ≥38.8 and 23.2%, respectively, compared to those before each exercise (i.e., baseline and pre-exercise). Furthermore, the difference in the reverse-Stroop interference scores between before and immediately after exercise showed large effect size (i.e., d=0.94 and 0.82, respectively, vs. baseline and pre-exercise) for SRI protocol, whereas it showed moderate effect size for LRI protocol (i.e., d=0.62 and 0.66, respectively, vs. baseline and pre-exercise). These present findings suggest that the immediate effect on IC improvements following low-intensity resistance exercise is greater with SRI protocol than with LRI protocol. Our previous study obtained that the immediate improvement in post-exercise IC was greater for high-intensity resistance exercise than for low-intensity resistance exercise (Tsukamoto et al., 2017a), suggesting that exercise intensity may play an important role in determining the degree of the immediate effect on the post-exercise IC improvement. Nevertheless, because this study used a same number of repetitions per set, work volume (i.e., intensity×total repetitions) is higher for high-intensity resistance exercise than for low-intensity resistance exercise. To address this issue, in a recent study, we compared the effect of high-volume low-intensity resistance exercise (i.e., 35% 1-RM, 20 repetitions/set, six sets) with a same work volume to that of high-intensity resistance exercise (i.e., 70% 1-RM, 10 repetitions/set, six sets) on post-exercise IC (Tomoo et al., 2020). We found that the IC improvement immediately after high-volume low-intensity resistance exercise was comparable to that immediately after high-intensity resistance exercise (≥34.6 and 38.8%, respectively, for the decreasing rate of the reverse-Stroop interference score; Tomoo et al., 2020). Considering these previous findings, it can be inferred that work load, rather than intensity, may be a more important variable in determining the degree of the immediate effect on the post-exercise IC improvement. Therefore, the present findings suggest that the inter-set rest interval length may also be an important variable for IC improvement immediately after resistance exercise, particularly low-intensity resistance exercise.

Our previous study found that although the magnitude of improvement in IC immediately after aerobic exercise (i.e., immediate effect) did not differ between high-intensity interval exercise and moderate-intensity continuous exercise, the duration of significant improvements in IC throughout the 30-min post-exercise recovery period (i.e., sustainable effect) was longer after high-intensity interval exercise than after moderate-intensity continuous exercise (Tsukamoto et al., 2016a). Considering this finding, in addition to the immediate effect, the sustainable effect may be important to understand the difference in the potential effect on post-exercise IC improvements among exercise protocols (Tsukamoto et al., 2016a, 2017b, 2018; Tanaka et al., 2018; Sugimoto et al., 2020; Tomoo et al., 2020). We and others have previously reported the sustainable effects of resistance exercise on post-exercise IC improvements (Brush et al., 2016; Johnson et al., 2016; Tomoo et al., 2020). Of these studies, Johnson et al. (2016) reported that although IC improved immediately after both moderate-intensity whole-body resistance exercises (i.e., 60% 1-RM) with 10- and 30-min durations, the improved IC reversed at the 30-min post-exercise recovery period. Their findings suggest that duration of IC improvements following resistance exercise may be less than 30min. Nevertheless, the study by Johnson et al. (2016) recruited older individuals, and therefore, the sustainable effect on post-exercise IC improvements may be limited in this population. Our previous studies identified that the sustainable effect on post-exercise IC improvements is observed until 20min after localized knee extensor high-intensity resistance exercise (Tomoo et al., 2020). A similar trend was also observed for the knee extensor high-volume low-intensity resistance exercise (Tomoo et al., 2020). Furthermore, in the present study, we obtained that significant decreases in the reverse-Stroop interference score induced by the knee extensor low-intensity resistance exercise were observed from 10 to 30min following SRI protocol, but not following LRI protocol. Therefore, the present findings suggest that in addition to the high-intensity resistance exercise and high-volume low-intensity resistance exercise, low-intensity resistance exercise with SRI may have a certain sustainable effect on post-exercise IC improvements. Additionally, the SRI protocol can effectively enhance both immediate and sustainable effects on low-intensity resistance exercise-induced IC improvements compared to the LRI protocol.

During exercise, lactate acts as an important energy substrate, instead of glucose, in the human brain (van Hall et al., 2009). Our previous studies demonstrated that aerobic exercise-induced IC improvements are related to circulating lactate levels (Tsukamoto et al., 2016b; Hashimoto et al., 2018), potentially by increasing cerebral lactate metabolism (Hashimoto et al., 2018). In the present study, we obtained that low-intensity resistance exercise-induced increase in blood lactate levels was greater following SRI protocol than following LRI protocol, as significant interaction effect was observed. This present finding corroborates the results of previous study (Kraemer et al., 1990, 1993). Therefore, greater circulating lactate secretion for SRI protocol than LRI protocol may contribute to our understanding of the difference in the degrees of post-exercise IC improvements between the two protocols.

In this study, the EMG activities of three quadriceps femoris muscles (i.e., the vastus lateralis, vastus medialis, and rectus femoris) were increased in the final set compared to the first set during SRI protocol, but not during LRI protocol. Furthermore, the quadriceps vastus lateralis EMG activity during the final set was higher with SRI protocol than with LRI protocol. These results of the quadriceps femoris EMG activities may be associated with greater IC improvements following SRI protocol than LRI protocol, which is consistent with the results of our previous study that determined the difference in the immediate effect of post-exercise IC improvement between high- and low-intensity resistance exercises when repetition per set was the same between the protocols. Previous studies have reported that the increase in the EMG activity of exercising muscle(s) due to increased force output during resistance exercise was in proportional to the increase in cerebral neural activity (Dai et al., 2001; van Duinen et al., 2008), which may be based on the interaction between peripheral and central nervous systems. The cerebral neural activation is probably the most prominent determinant of cognitive function, including IC (Richeson et al., 2003; Hyodo et al., 2016). Therefore, greater neural activations of the exercising muscles during SRI protocol than LRI protocol may also contribute to our understanding of the difference in the degrees of post-exercise IC improvements between the two protocols.

The magnitudes of psychological and perceptual responses during exercise may be associated with increasing the cerebral neural activity and improving the cognitive function (Berchicci et al., 2013; Byun et al., 2014; Fontes et al., 2015). Byun et al. (2014) reported that aerobic exercise-induced increase in arousal is correlated with increased cerebral neural activity and improved cognitive function. Unexpectedly, in the present study, we obtained that change in arousal throughout experimental session did not differ between SRI and LRI protocols. In contrast, increases in perceived exertion parameters (i.e., RPE and leg discomfort) during low-intensity resistance exercise were greater with SRI protocol than with LRI protocol. Previous studies have reported that increase in RPE during aerobic exercise may be associated with increased cerebral neural activity and improved cognitive function (Berchicci et al., 2013; Fontes et al., 2015). Therefore, greater perceptual response, such as perceived exertion, during SRI protocol than LRI protocol may contribute, at least partially, to our understanding of the difference in the degrees of post-exercise IC improvements between the two protocols.

This study employed 1-min inter-set rest intervals for SRI protocol, as in many previous studies (see a review by de Salles et al., 2009). Nevertheless, some previous studies used inter-set rest intervals shorter than 1min (i.e., 30s; Takarada and ishii, 2002; Goto et al., 2004). Furthermore, we employed 40% 1-RM for carrying out low-intensity resistance exercise based on our previous study (Tsukamoto et al., 2017a), while most previous studies examining resistance exercise with SRI used exercise loads heavier than 40% 1-RM (see a review by de Salles et al., 2009). Further studies are needed to determine the most effective method of SRI protocol on post-exercise IC improvements.

Previous studies have reported that increases in circulating endocrine responses induced by acute bout of resistance exercise were greater with SRI protocol than with LRI protocol (Kraemer et al., 1990, 1993; Goto et al., 2004). A series of studies by Kraemer et al. (1990, 1993) reported that resistance exercise-induced increases in growth hormone were greater following SRI protocol than following LRI protocol. The increased growth hormone secretion induced by acute resistance exercise may contribute to improve cognitive function and brain health (Sonntag et al., 2005), potentially via enhancing basal secretions of insulin-like growth factor 1, which possibly mediate the expression of brain-derived neurotrophic factor in the brain (Mattson et al., 2004). Although the long-term training effects of resistance exercise with SRI on cognitive function and brain health are unknown, these previous findings suggest that the SRI protocol has greater potential to improve these parameters compared to the LRI protocol. Furthermore, in a series of studies by Kraemer et al. (1990, 1993), they found that SRI protocols with increased repetitions per set (i.e., total repetitions) were more effective in enhancing circulating endocrine responses (e.g., growth hormone) than other SRI protocols, including those with increased exercise intensity. The increases in the loads on the body, particularly on the cardiovascular and musculoskeletal systems, during resistance exercise may be lesser with an increase in the total number of repetitions than with an increase in the exercise intensity when the work volume was matched (Tomoo et al., 2020). Therefore, increasing the total number of repetitions compared to increasing the exercise intensity appears to be more useful for the creation of safe and effective resistance programs for older individuals and patients with chronic diseases. To elucidate our proposal, further studies are needed to determine the long-term training effect of the most effective SRI protocol on cognitive function and brain health.

Byun et al. (2014) reported that a 10-min duration of low-intensity aerobic exercise could improve immediate post-exercise IC. Nevertheless, we have previously reported that the degree of sustainable effect on post-exercise IC improvements induced by aerobic exercise may depend on the duration of the exercise (Tsukamoto et al., 2017b). Thus, the sustainable effect on IC improvements following the 10-min low-intensity aerobic exercise may not be suitable. In contrast to this aerobic exercise protocol, the low-intensity resistance exercise protocol with SRI employed in the present study was completed in approximately 7min. Despite this shorter exercise time, we found that both immediate and sustainable effects on post-exercise IC improvements induced by the SRI protocol may be greater than those induced by traditional aerobic exercise protocols (e.g., low- or moderate-intensity aerobic continuous exercises for 20- and/or 40-min durations) and other resistance exercise protocols (e.g., low-intensity resistance exercise with LRI for 17min), which have exercise durations/times longer than those of the SRI protocol. Therefore, the SRI protocol may be useful for creating resistance exercise programs to effectively improve cognitive function with a shorter exercise time.

A review by Pontifex et al. (2019) has suggested that the control condition such as sitting at rest should be included the main experiment in order to increase the rigor of investigating the acute effect of exercise on cognitive function. In our previous studies, we have reported no effect of sitting rest on IC (Tsukamoto et al., 2017a,b; Sugimoto et al., 2020), which may indicate that the IC improvements following exercise is not attributable to learning effect. Furthermore, in a preliminary procedure of this study, we also demonstrated that a 17-min sitting rest did not change the IC throughout the same period of the main experiment. However, we did not include the control condition in the experimental protocols of the main study, which is a major limitation of this study. Therefore, the main result of this study is limited to determining the difference in the degree of post-exercise IC improvements between SRI and LRI protocols.

Another major limitation of in this study is that we recruited only healthy young males; therefore, whether the present findings can be generalized to other populations is unclear. In particular, we did not recruit young females, because of their menstrual cycles, as this may affect muscular performances, especially force output and fatigue (Sarwar et al., 1996), during resistance exercise (McNulty et al., 2020). Furthermore, the menstrual cycle of young females may affect their basal (i.e., resting) CWST performances (Hatta and Nagaya, 2009), potentially by modulating circulating cognition-related hormones/cytokines secretions (e.g., brain-derived neurotrophic factor) and cerebral blood flow and neural activity (Brackley et al., 1999; Pluchino et al., 2009; Otomo et al., 2020), which may be important factors in mediating cognitive performance (Richeson et al., 2003; Lucas et al., 2012; Whiteman et al., 2014; Hyodo et al., 2016). Considering these physiological factors, we have not recruited young females in a series of our studies (e.g., Tomoo et al., 2020). Nevertheless, in a recent study, Dirk et al. (2020) reported that the improvement in the antisaccade task-measured executive function immediately after a 20-min moderate-intensity aerobic exercise did not differ between the follicular and luteal menstrual cycle phases in young females. Their findings suggest that the menstrual cycle may not affect the degree of improvements in post-exercise executive function, including IC, in this population. Additionally, effective resistance exercise programs to improve cognitive function are generally more important for older individuals and patients with chronic diseases than for healthy young individuals. To utilize the present findings in clinical settings, further studies are needed to determine the effect of SRI protocol on post-exercise cognitive function improvements in various populations (e.g., young females, older individuals, and patients with chronic diseases).



CONCLUSION

This study demonstrated that the SRI protocol was more useful in improving post-exercise IC, potentially via greater circulating lactate secretion, neural activity of the exercising muscle, and perceptual response, compared to the LRI protocol. Therefore, we suggest that the inter-set rest interval length may be an important variable for determining the degree of cognitive function improvements following low-intensity resistance exercise in healthy young males.
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