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Abstract

:

The purpose of this study was to investigate the effect of transcranial pulsed current stimulation (tPCS) on fatigue delay after medium-intensity training. Materials and Methods: Ninety healthy college athletes were randomly divided into an experimental group (n = 45) and control group (n = 45). The experimental group received medium-intensity training for a week. After each training, the experimental group received true stimulation of tPCS (continuous 15 min 1.5 mA current intensity stimulation). The control group received sham stimulation. The physiological and biochemical indicators of participants were tested before and after the experiment, and finally 30 participants in each group were included for data analysis. Results: In the experimental group, creatine kinase (CK), cortisol (C), time-domain heart rate variability indices root mean square of the successive differences (RMSSD), standard deviation of normal R-R intervals (SDNN), and frequency domain indicator low frequency (LF) all increased slowly after the intervention. Among these, CK, C, and SDNN values were significantly lower than those in the control group (p < 0.05). Testosterone (T), T/C, and heart rate variability frequency domain indicator high frequency (HF) in the experimental group decreased slowly after the intervention, and the HF value was significantly lower than that in the control group (p < 0.05). The changes in all of the indicators in the experimental group were smaller than those in the control group. Conclusion: The application of tPCS after medium-intensity training enhanced the adaptability to training and had a significant effect on the maintenance of physiological state. The application of tPCS can significantly promote the recovery of autonomic nervous system function, enhance the regulation of parasympathetic nerves, and delay the occurrence of fatigue.
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1. Introduction


Fatigue often accompanies high-load exercise, and long-term high-load exercise will prolong the elimination time of fatigue, eventually leading to decline in athletic capacity and increased risk of athletic injury [1,2]. Therefore, how to maintain the motor function of athletes, accelerate the elimination of fatigue, and improve sport ability is a primary focus of sports science research. Transcranial electrical stimulation (TES) is a new method to maintain athlete’s physical function and improve exercise capacity, including transcranial direct current stimulation (tDCS), transcranial pulsed current stimulation (tPCS), and transcranial alternating current stimulation(tACS), among which tDCS has been widely used [3,4,5]. Cogiamanian et al. found that using tDCS stimulation increases muscle endurance and prolongs fatigue time [6]. Donati and Park et al. proved that tDCS stimulation technology can enhance physical function of athletes and improve their motor ability by regulating the excitability of the cerebral cortex [7,8]. When fatigue occurs, the discharge frequency of neurons in the brain decreases, and the activation of neuronal activity is insufficient [9]. By inducing net direct current component and the on/off nature of pulsatile currents, tPCS produces tonic effect and phase effect, which improves the excitability of neurons The depolarization process of cell membranes occurs repeatedly with the transmission of each pulse, causing the depolarization process to produce a cumulative effect, and finally produce greater changes in cortical excitability [10]. It is found that tDCS research is the most, while tPCS research is relatively few. At present, most of the research on the impact of transcranial pulse electricity on brain function focuses on basic research, and few studies focus on practical application [11,12,13]. At present, only a few studies involve sports and cognitive function [14,15], while the research on common athlete fatigue is in a blank state. In contrast, tDCS has carried out a lot of research in this field and achieved remarkable results [2,16,17], this makes it possible for tPCS research belonging to TES to have a large research space. Additionally, due to the current characteristics of bipolar pulse of tPCS, it will not have the same electrochemical effect and side effects as tDCS. Therefore, tPCS may have a greater effect on fatigue, which makes this study of high value, so our team conducted this study.



Testosterone (T), cortisol (C), and creatine kinase (CK) in blood are indicators reflecting individual physiological state. Among them, T and C have long been studied as potential biomarkers of catabolic or anabolic state of the body, because they are closely related to the regulation of protein decomposition and synthesis [18]. Creatine kinase (CK) means muscle damage [19]. At present, these indicators reflecting individual physiological states have been used by many scholars to represent individual fatigue states [1,20]. As a non-invasive monitoring method, heart rate variability (HRV) has been widely used in fatigue monitoring [21]. Therefore, in this study, we aimed to assess whether tPCS can affect athletes’ physiological states and fatigue by observing the values of T, C, and CK in the blood and HRV after medium-intensity training. Our research findings will be helpful to provide a new method for faster and more effective physiological recovery after sports training and provide experimental support for the practical application of tPCS. The hypothesis of this study was as follows: after sports training, tPCS can reduces the concentration of CK and C in the blood, improve the overall level of HRV, and effectively help athletes recover their physiological state and delay sports fatigue [15,22].




2. Participants and Methods


2.1. Ethics


All of the participants signed the informed consent form. The study was carried out in line with the Declaration of Helsinki and was approved by the Institutional Ethics Committee (16 November 2020 (no. 1) by Nantong University).




2.2. Participants


Ninety healthy college athletes were selected as participants and randomly divided into an experimental group and control group. Finally, 30 people in each group (all male) participated in the whole process of the experiment (Table 1, Figure 1). All of the athletes who volunteered to participate in this study were in good physical condition, with no cardiovascular system and other diseases, no injuries in the previous 4 weeks, and no physical exercise in the one week before the experiment. During the experiment, the athletes did not participate in any activities that could lead to physical functional decline (e.g., overtraining) or increase (e.g., massage, physiotherapy). Before the test, participants received an explanation regarding transcranial pulsed electrical stimulation (tPCS), the intention of the experiment, and the experimental procedure.




2.3. Study Design


This is a randomized double-blind experiment. Subjects are all from the national standard secondary track and field athletes in Nantong University. They voluntarily participated in this experiment. After screening, 90 subjects were obtained. We divided the subjects into two groups with a ratio of 1:1. Using the scale method in simple randomization, the odd number is the experimental group and the even number is the control group and after multiple assignments, 45 subjects in each group. During the experiment, in order to ensure the concealment of distribution, tPCS was managed by personnel who could operate but did not know the intention and process of this study, and the subjects did not know the grouping and stimulation type.



Ninety participants were randomly divided into two groups, with fourty-five participants in each group, and they received true or sham (controls) stimulation of tPCS. In this study, we referred to the research paradigm of Yang et al. on TES stimulation parameters [23]. The stimulation time of tPCS was set to 15 min and the stimulation intensity was set to 1.5 mA. In order to ensure the safety of the experiment, all of the operations were conducted in accordance with the Copenhagen Consensus [24]. First, a 5 × 9 cm2 electrode was placed in the central supraorbital region of the frontal lobe, and two 5 × 5 cm2 electrodes were placed near the mastoid process of the left and right ear, respectively, and fixed with bandages. During true stimulation, the operator increased the current from 0 mA to 1.5 mA within 30 s. The sham stimulation group received the same stimulation time, stimulation intensity, and current acceleration process, but the current intensity was adjusted to 0 mA 30 s after the initial acceleration. All of the participants were kept quiet during the stimulation to avoid irrelevant stimuli. During the whole process of intervention, if there were adverse reactions (pain or vertigo), the experiment was stopped immediately. At the end of each stimulation, the participants completed a stimulus perception questionnaire to record their feelings.




2.4. Experiment Flow


Each participant underwent venous blood extraction and HRV testing the day before and the morning after the experiment. The day before the experiment, participants were taken by the team leader to the laboratory. Participants rested in the sitting position for 5 min before the experiment. The person in charge of each participant explained the experimental process, purpose, and matters needing attention to the participant, and staff input the basic information of participants and used Firstbeat Sports HRV to collect the signals from participants to ensure synchronization of the HRV index and routine biochemical index. Blood was collected from the left antecubital vein immediately after the HRV test. This procedure was carried out the day before the experiment and after the experiment. RPE test was conducted before formal training, tPCS intervention was conducted immediately after formal training, followed by RPE test. Such operation lasted for 7 days.




2.5. Training Protocols


All of the participants adopted the medium-intensity training standard recommended by the American College of Sports Medicine (heart rate 140–150 beats per minute) [25]. The athletes engaged in training for one week (7 days). Physical training tasks were carried out on the first, third, fifth, and seventh days, mainly 1500 m and 400 m track and field training. Technical and tactical training tasks were carried out on the second, fourth, and sixth days, mainly to train in special technical movements. Training was held for 3 h a day. The intensity was maintained at a heart rate of 140–150 bpm during the main training time, and the Borg score was more than 8 points after training (Table 2). The specific training protocols are as follows.



Before the training, the participants were familiar with the RPE scale. The exercise trainer supervised the training and assessed the subjects’ exertion from the RPE scale and heart rate.



The subjects began training at 3 p.m. every day. All subjects wore Firstbeat sports to monitor their heart rate and collect their RPE baseline before training. Then, each subject performed warm-up exercises, such as leg pressing exercises, leg kicking exercises, stretching of low back muscles, and then jogging training. After the warm-up action, they conducted a warm-up run of 5 laps exercise, and then started formal training.



Physical training was conducted on the first, third, fifth, and seventh days. The arrangement of physical training was as follows: after the auxiliary training, repeat the 4000 m long-distance run 6 times. The six long-distance runs were divided equally into two sections. There was no rest in the first section, but 15 min rest between the two sections. The rest time of the last three long-distance run was 3 min and 5 min, respectively. After the training, the RPE value was recorded again.



Technical and tactical training was conducted on the second, fourth, and sixth days. When technical and tactical training was conducted, all auxiliary training was consistent with physical training. Then, the coach asked the subjects to carry out technical and tactical training.



Explosive power training: repeat the 400 m training for 10 times, with an interval of 2 min between each training.



Then, we did relaxation training.



Then, general physical fitness exercises were carried out, such as 40 sit ups, 40 push ups, and 50 m acceleration runs for 3–4 times.



Then, leg pressing, kicking exercises, etc.



Then, endurance training: repeat the 1500 m training for 7 times, with an interval of 3 min between each training, correct the technical action at the same time, and record the RPE value again after the training.




2.6. Experimental Equipment


2.6.1. Transcranial Pulsed Current Stimulation


Developed by National Key Technology R&D Program of China, the stimulation current is a bipolar current of 60–80 Hz, the pulse waveform is a square wave, the duty cycle is 29.7%, the stimulation intensity is in the range of 0–2 mA, and the stimulation time is determined by the experimental program. This product passed national security certification on 17 April 2021: report number CHTSM21040049.




2.6.2. HRV Test


Related indicators of HRV tested using an HRV tester made in Finland (model: Firstbeat Sports). RR-interval Measurement: BG3 measures beat-by-beat intervals as time between consecutive R-peaks in ECG. Measurement resolution: 1 ms.




2.6.3. Blood Collection


We used 5 mL EDTA-anticoagulated vacutainer tubes to collect blood samples from the participants, which were produced by Lingen Precision Medical Products (Shanghai) Co., Ltd. (Shanghai, China).




2.6.4. Questionnaire for Rated Perceived Exertion (RPE)


The RPE score was 5–7 in moderate exertion and 8–10 in severe exertion. The reliability of assessment of fatigue degree of the RPE has been verified, and the correlation coefficient between groups is 0.71–0.90 [26,27].





2.7. Physiological State Index Test


Physiological state indicators included T, C, T/C, and CK. HRV included time-domain indicators: the standard deviation of normal R-R intervals (SDNN) and root mean square of the successive differences (RMSSD). Frequency domain indicators included high frequency (HF) and low frequency (LF) [20,28,29,30,31].




2.8. Sample Size and Randomization


In this study, the sample size is based on a two-sided t-test. We set the type I error probability of hypothesis test α is 0.1, and the type II error rate of hypothesis test β is 0.2, considering a 1:1 allocation rate and a drop-out rate of 20%. After calculation and looking up the table, we recruited a total of 114 patients for two groups. Additionally, we found that most of the subjects in similar studies were 30 [15,32]; therefore, the 60 subjects meet the experimental requirements.




2.9. Data Processing and Analysis


In this experiment, blood was collected twice, the day before and the day after the experiment. After the subjects reached the blood collection room (the temperature is 20 °C), they sat quietly and rested for 10 min, and then the medical staff took 4 ml of left elbow venous blood and collected the blood sample in a vacuum blank tube to avoid shaking and vibration of the contents (blood).Within 30 min, serum was separated using a high-speed centrifuge (2000 R/min, 15 min. Shu Ke, China). The supernatant was extracted and stored in a medical refrigerator at −80 °C (Boko, BDF-86V158, China). CK, T, and C were detected using ELISA kits (Wuhan Jianglai Biotechnology Co., Ltd. (Wuhan, China), according to the manufacturer’s instructions, and the whole process was supervised by a principal investigator. All samples were sent to the laboratory for biochemical analysis within 48 h, and all analyses were repeated and performed by trained technicians. Serum samples were analyzed using an automatic biochemical analyzer (RaytoRT-6100 China). Serum CK, T, and C levels were recorded, and the serum T/C ratio was calculated. With abnormal fluctuations, interference, and pseudo-errors were eliminated using Polar software. Five-minute signal samples were selected for HRV time domain and frequency domain analysis.



Statistical analysis was carried out using IBM SPSS 22.0 (IBM Corp., Armonk, NY, USA) and Microsoft Excel 2019 (Microsoft Corporation, Redmond, WA, USA). The obtained parameters are expressed as mean ± standard deviation. The Shapiro–Wilk test was used to examine the normal distribution of the outcomes. Repeated measures analysis of variance (ANOVA) was used to analyze the effects of each variable (group × measurement time) on each index of function and each index of HRV. Then, post hoc analysis was used if a significance in the interaction was observed and corrected using Bonferroni correction. The significance level was set at p < 0.05 and the highest significance level was set at p < 0.01.





3. Results


In this study, 60 participants completed the entire experimental process. Before the experiment, there were no significant differences between the two groups in the homogeneity test for each physical functional state index (Table 3).



3.1. Changes in Blood Marker Indicators after tPCS Intervention


The effects of group, measurement time, and their interaction on T, C, T/C, and CK were analyzed by ANOVA. The results showed that C [F (1, 58) = 14.478077, p < 0.001], T/C [F (1, 58) = 8.024, p = 0.006], and CK [F (1, 58) = 5.171, p = 0.027] had the interaction effects of group and measurement time; T [F (1, 58) = 9.330, p = 0.003], C [F (1, 58) = 97.966, p < 0.001], T/C [F (1, 58) = 76.102, p = 0.003], and CK [F (1, 58) = 90.626, p < 0.001] had significant time main effects (Table 3). Post hoc comparison showed significant differences in T, C, T/C, and CK values between the two groups; p values were PT = 0.028, PC < 0.001, PT/C =0.006, and PCK = 0.027 (Table 4, Figure 2A–D). Both T and T/C values decreased after the intervention, and the decrease in the experimental group was smaller than that in the control group, with the difference being 4.313% and 19.195%, respectively. The values of C and CK increased after intervention, and the increase in the experimental group was less than that in the control group; the difference was 16.700% and 11.848%, respectively (Figure 3A–D).




3.2. Changes in HRV Indicators after tPCS Intervention


The effects of group, measurement time, and their interaction on RMSSD, SDNN, LF, and HF were analyzed by ANOVA. Results showed that LF [F (1, 58) = 7.032, p = 0.010] and HF [F (1, 58) = 7.410, p = 0.009] had the interaction effect of group and measurement time; RMSSD [F (1,58) = 8.254, p = 0.006], SDNN [F (1, 58) = 16.366, p = 0.000], LF [F (1, 58) = 19.263, p < 0.001], and HF [F (1, 58) = 109.850, p < 0.001] had significant time main effects (Table 3). Post hoc comparison revealed significant differences in SDNN and LF values between the two groups, with p values PSDNN = 0.039 and PLF = 0.01 (Table 4, Figure 2E–H). RMSSD, SDNN, and HF values decreased after the intervention, and the decrease in the experimental group was smaller than that in the control group, with differences being 8.655%, 11.624%, and 15.341%, respectively. The values of LF increased after intervention, and the increase in the experimental group was less than that in the control group; the difference was 34.418% (Figure 3E–H).





4. Discussion


In this study, we found that after medium-intensity exercise, testosterone levels in the experimental group and control group decreased by 4% and 8%, respectively, compared with those before the experiment, which means that tPCS intervention after medium-intensity intervention can delay the decrease in the overall testosterone level. Karkoulias et al. [33] found in the marathon monitoring of non-elite athletes that long-term endurance exercise will lead to the decrease in testosterone levels. Frana and others further proved the change law of testosterone during exercise. He found that testosterone increased immediately after medium-intensity training but began to decrease when the exercise time was more than 2 h [34]. A possible reason for this is that short-term inexhaustible exercise can promote the secretion of testosterone [35]. Slivka et al. [36] found that testosterone concentrations decreased continuously among athletes during 21 days of mountain bike cross-country training. Raastad et al. [37] also found that testosterone concentrations decreased significantly after high-intensity strength training; participants were exhausted due to a lot of sugar and protein consumption caused by high-intensity training, resulting in hypothalamic dysfunction, which led to the decrease in testosterone concentration. This is consistent with the results obtained after high-intensity exercise in our study. In this study, testosterone in the experimental group decreased by 4% compared with levels before the experiment, and the decrease in the experimental group was less than that in the control group, indicating that the testosterone concentration in the experimental group was higher than that in the control group after tPCS intervention. The tPCS can stimulate the deep brain nuclei, and the production of testosterone is controlled by the hypothalamus–pituitary–gonad axis (HTPG). Therefore, we speculate that the oscillatory current of tPCS may affect the activity of HTPG and promote the secretion of testosterone, so as to delay the decline in testosterone concentration and finally maintain the individual’s motor function, but this speculation needs further verification [11,38].



After tPCS intervention, the increase in cortisol concentrations in the experimental group was lower than that in the control group. Crew et al. [39] reported that cortisol will physiologically affect sports performance. When cortisol is too high, it will lead to a decline in athletes’ overall sports performance [40]. Cortisol may affect exercise performance physiologically, many scholars have found that a high concentration of cortisol is often associated with low sport performance [41,42]. Numerous studies [43,44,45] have shown that athletes have a significant increase in cortisol after exercise. The research results of Foretic et al. show that cortisol concentrations after exercise were 67% higher than that before exercise. In this study, cortisol concentrations increased significantly after exercise in both the experimental group and control group. Cortisol in the control group increased by 29.2% and the experimental group increased by 12.5% after exercise. The increase of cortisol in the experimental group was less than that in the control group, which was consistent with the study of Mehrsafar et al. [46]. Those authors found that when athletes participate in high-intensity competition, the use of tDCS in the dorsolateral prefrontal cortex (DLPFC) can reduce the cortisol concentration in athletes. Similarly, the results of Brunoni [22] showed that when the anode of tDCS was used to stimulate the DLPFC in 20 healthy adults, the concentration of cortisol could be reduced, which was consistent with changes in athletes’ frontal lobe stimulated by tPCS in this study. Some studies have also pointed out [47] that when using tDCS to stimulate the brain of C3 position (Brain localization based on 10–20 EEG system), the concentration of cortisol will decrease significantly, with a decrease range of 24.18%. tPCS and tDCS mentioned above belong to TES [48] and are highly similar in function and use. It can be speculated that the stimulation of the frontal lobe by tPCS may lead to top-down regulation and finally affects the regulation of the hypothalamic–pituitary–adrenal axis, thereby reducing the concentration of cortisol; however, the specific mechanism remains to be further verified. In this study, after one week of tPCS intervention, the decline in T/C values in the experimental group was 19.195% less than that in the control group, indicating that tPCS intervention can maintain the function of exercise and delay the accumulation of fatigue. We speculate that the reason is that tPCS can activate brain neurons, promote T synthesis, and inhibit cortisol secretion, avoiding loss of muscle strength and the decline in individual function; the action path needs to be further studied.



Feng et al. [49] found that the creatine kinase value reflects the stress degree of the body on exercise load in the stage of medium-intensity exercise and reflects the recovery of the body after exercise. Through intervention with tPCS in medium-intensity training, we found that the increase in creatine kinase in the experimental group after the intervention was 11.848%, which was lower than that in the control group. This means that the physical state of participants in the experimental group was better than that in the control group. Additionally, we found that after one week of tPCS intervention, college athletes in the experimental group recovered better than those in the control group. The increase in creatine kinase values in the experimental group was less than that in the control group, which was consistent with a study by Chen et al. [50], who concluded in the blood analysis among fencers that when athletes undergo physical fitness and special training, creatine kinase values will rise significantly, and the degree of fatigue is high. After a week of adjustment and training, the creatine kinase value of athletes drops to the lowest point, at this time, they are in good physical condition. This may create good conditions for the recovery of athletes’ muscle damage at this time, which provides a premise for athletes to return to the competition as soon as possible. Therefore, we speculate that the application of tPCS after medium-intensity training is helpful to the recovery of the athletes’ physical states.



The HRV SDNN indicator mainly reflects the tension in the sympathetic nerve and vagus nerve, which is used to evaluate the overall degree of autonomic nerve damage and recovery. In this study, compared with the experimental group, the SDNN in the control group decreased significantly (p < 0.05). However, athletes in the experimental group maintained their state due to tPCS intervention, so the change in SDNN was not obvious. This shows that after medium-intensity training, athletes’ function is decreased, the fatigue state appears, and the SDNN index value decreases significantly. The SDNN changed little after tPCS intervention, and there was no significant difference before and after intervention. However, the findings of Zeng et al. [51] differed from those of our study. That study showed that the occurrence of fatigue will increase the SDNN value in driving tasks. We speculate that this may be related to different fatigue states. Zeng et al. conducted a mental fatigue model of a vigilance task; in this study, we carried out an intervention of a sports fatigue model, and the fatigue state reached exhaustion. Therefore, there were inconsistent changes in SDNN indicators. Some scholars [52,53] have pointed out that SDNN decreases significantly when tDCS stimulation is performed before exercise, which is different from our study. The reason may be that tDCS stimulation breaks the sympathetic/parasympathetic balance before exercise. This suggests that we should pay attention to the timing of intervention when applying tPCS and the specific application scheme needs to be further explored.



Some scholars [54] have found that the RMSSD is highly correlated with physical activity and fatigue, the higher the RMSSD value, the lower the fatigue level. Haddad further stated that RMSSD is the most reliable HRV index [55]. In this study, the RMSSD index of the experimental group was 8.655% lower than that of the control group, indicating that the degree of fatigue could be delayed after tPCS intervention. Garet et al. [56] found that the HRV index decreased by 22% after 3 weeks of overload training in swimmers, whereas Pichot et al. [57] found that the HRV indicator decreased by 38% after one week of overload training among long-distance runners. After reducing the training intensity and subsequently training for two weeks, the HRV indicator in swimmers increased by 7% and that of long-distance runners increased by 38%, which is consistent with the results of this study. When athletes in the control group had a week of high-intensity exercise, SDNN reflecting the overall level of HRV and RMSDD reflecting the activity of parasympathetic nerves decreased significantly by 22.64% and 18.27%, respectively. Although the SDNN and RMSSD indexes of the experimental group also decreased, they were both lower than those of the control group. SDNN was 11.62% lower than the control group, and RMSSD was 8.66% lower than the control group. This shows that although athletes were in the state of fatigue, the activity level of parasympathetic nerves in the experimental group was higher, which can reduce the degree of fatigue and enable athletes to have better sports performance [58]. However, the lower parasympathetic activity in the control group indicates poor recovery conditions after exercise or being prone to fatigue.



Both the sympathetic and parasympathetic nervous systems contribute to the LF power peak (0.04–0.15 Hz). LF reflects overall sympathetic and parasympathetic activity [59]. After tPCS intervention, the LF value in the experimental group increased less than that in the control group. Uusitalo [59] found that when athletes overtrained for 6–9 weeks, there was a significant increase in LF indicators. Montenegro et al. [60] applied tDCS to the left temporal region of professional road cyclists and found that LF decreased and HF increased during competition; this is consistent with the results of this study. We found that the HRV frequency domain indicator LF in the experimental group had no significant change before and after the intervention, whereas the LF indicator in the control group increased significantly due to training (p < 0.05). Further research by Montenegro found that this change was only seen in professional road cyclists but not in non-athletes, which may be due to higher neural efficiency in the central command of the autonomic nervous system and faster recovery from exercise after tDCS stimulation [61]. To a certain extent, this shows that tPCS intervention has an inhibitory effect on the decrease in athletes’ function or a positive effect on the maintenance of physical function, which can prevent fatigue and diminished sports performance caused by the rapid decline in function during competition. The significant increase in LF indicators in the control group indicates the enhancement of sympathetic nerve activity and the inhibition of the recovery of individual function.



The contribution of parasympathetic nerve activity mainly appears in the HF power peak (0.15–0.40 Hz), and HF mainly reflects parasympathetic nerve activity. Kliszczewicz et al. [62] found that HF values decrease significantly after high-intensity functional training, which is consistent with the results of our study. Pichon and other scholars [63] reported different findings in their research. When athletes conduct constant load training, LF decreases significantly and HF increases significantly. These research findings suggest that vigorous exercise may lead to a change in participants’ respiratory dynamics and affect the balance of sympathetic/parasympathetic nerve tension [64]. We found that the HF index of the experimental group and control group decreased before and after tPCS intervention, with 24.33% in the experimental group and 39.64% in the control group. This shows that the effect of exercise on HF is significant, the recovery time of HF to baseline is long, and the effect of tPCS intervention on HF is less than exercise.



In this study, we found that the effect of TES on post-training HRV is complex, and attention should be paid to study participants’ state when explaining motor energy and fatigue state. The participants’ physical state, training intensity, training method, mental state, measuring posture, and measuring time can all affect changes in HRV, which lead to differences in results [65,66,67,68]. Fatigue is a process of continuous accumulation. The change in HRV indicators is clear only when exercise accumulates to exhaustion. If athletes monitor the process of fatigue accumulation, HRV indicators may change inversely owing to the activation of the exercise state. When exercise function is low or fatigue occurs, the SDNN index of HRV decreases, and the LF index increases. However, due to the enhancement of exercise intention, the degree of body activation is at a high level, the SDNN index of HRV increases, and the LF index decreases. Although fatigue still exists and is accumulating at this time, it is covered by the activation state of the body, so the change in HRV indicators is not uniform, which has been observed by many scholars [69]. The above research shows that when using HRV to analyze the effect of tPCS, we should comprehensively consider the influence of various factors, especially the influence of athletes’ degree of fatigue. Future research should consider the influence of tPCS on HRV in different degrees of fatigue.



Because blood indices were not monitored every day in this experiment, it was impossible to prove whether participants’ cortisol and other blood indices had exceeded their peak or whether these blood indices never reached their peak or even the minimum. Therefore, it was difficult to accurately determine the best time to use tPCS, whether the best effect can be achieved before or during competition. In future research, the frequency of observation of CK, C, and T values can be increased and the best time to use tPCS identified. In addition, there are some individual differences in the application effect of tPCS. The participants in this study were relatively limited. Therefore, more personalized schemes can be explored in the application of tPCS. For different ages and sexes, more accurate intervention programs should be formulated to enhance the intervention effect of tPCS.



In the future, this study may be applied to the field to reduce athletes’ sports injuries caused by fatigue. On the other hand, due to the effect of tPCS on cognition, it may alleviate the widespread cognitive fatigue of workers, such as driving for a long time or processing documents. It can even be used in the field of rehabilitation to alleviate the decline in the effect of rehabilitation training caused by fatigue. It is gratifying that some scholars have been doing research in these fields and have achieved certain results [15,70]. However, this does not mean that the practical application research of tPCS has matured. At present, the application of tPCS is still less than tDCS, which leaves valuable space for further exploration of the scope of practical application of tPCS, and also puts forward higher requirements for our next research study.




5. Conclusions


The application of tPCS after medium-intensity training enhanced the adaptability to training and had a significant effect on the maintenance of the physiological state. The application of tPCS can significantly promote the recovery of autonomic nervous system function, enhance the regulation of parasympathetic nerves, and delay the occurrence of fatigue.







Author Contributions


Q.W.: Study concept and design of the clinical trial, data acquisition, analysis, and interpretation of the clinical trial, and manuscript writing. G.F.: Management and collection of data. J.Z.: Management, auditing. J.L.: Proposed the topic of the paper, designed the experiment, and guided the revision of the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Key Technology R&D Program of China grant number [2019YFF0301600] and Postgraduate Research & practice Innovation Program of Jiangsu Province grant number [KYCX21_3069], the APC was funded by National Key Technology R&D Program of China.




Conflicts of Interest


The authors declare that they do not have any conflict of interest.




References


	



Anderson, T.; Lane, A.R.; Hackney, A.C. Cortisol and testosterone dynamics following exhaustive endurance exercise. Eur. J. Appl. Physiol. 2016, 116, 1503–1509. [Google Scholar] [CrossRef] [PubMed]

	



Vitor-Costa, M.; Okuno, N.M.; Bortolotti, H.; Bertollo, M.; Boggio, P.S.; Fregni, F.; Altimari, L.R. Improving cycling performance: Transcranial direct current stimulation increases time to exhaustion in cycling. PLoS ONE 2015, 10, e144916. [Google Scholar] [CrossRef] [PubMed]

	



Colzato, L.S.; Nitsche, M.A.; Kibele, A. Noninvasive brain stimulation and neural entrainment enhance athletic performance—A review. J. Cogn. Enhanc. 2017, 1, 73–79. [Google Scholar] [CrossRef]

	



Edwards, D.J.; Cortes, M.; Wortman-Jutt, S.; Putrino, D.; Bikson, M.; Thickbroom, G.; Pascual-Leone, A. Transcranial direct current stimulation and sports performance. Front. Hum. Neurosci. 2017, 11, 243. [Google Scholar] [CrossRef] [PubMed]

	



Friehs, M.A.; Whelan, E.; Güldenpenning, I.; Krause, D.; Weigelt, M. Stimulating performance: A scoping review on transcranial electrical stimulation effects on olympic sports. Psychol. Sport Exerc. 2021, 59, 102130. [Google Scholar] [CrossRef]

	



Cogiamanian, F.; Marceglia, S.; Ardolino, G.; Barbieri, S.; Priori, A. Improved isometric force endurance after transcranial direct current stimulation over the human motor cortical areas. Eur. J. Neurosci. 2007, 26, 242–249. [Google Scholar] [CrossRef]

	



Donati, F.; Sian, V.; Biasini, G.M.; da laTorre, X.; Folchitto, F.; Botrè, F. Serum Levels of Brain-Derived Neurotrophic Factor and Other Neurotrophins in Elite Athletes: Potential Markers of the Use of Transcranial Direct Current Stimulation in Sport. Front. Sports Act. Living 2021, 3, 80. [Google Scholar] [CrossRef]

	



Park, S.B.; Sung, D.J.; Kim, B.; Kim, S.; Han, J.-K. Transcranial direct current stimulation of motor cortex enhances running performance. PLoS ONE 2019, 14, e0211902. [Google Scholar] [CrossRef]

	



Enoka, R.M.; Stuart, D.G. Neurobiology of muscle fatigue. J. Appl. Physiol. 1992, 72, 1631–1648. [Google Scholar] [CrossRef]

	



Ma, Z.; Du, X.; Wang, F.; Ding, R.; Li, Y.; Liu, A.; Wei, L.; Hou, S.; Chen, F.; Hu, Q.; et al. Cortical Plasticity Induced by Anodal Transcranial Pulsed Current Stimulation Investigated by Combining Two-Photon Imaging and Electrophysiological Recording. Front. Cell Neurosci. 2019, 13, 400. [Google Scholar] [CrossRef]

	



Datta, A.; Dmochowski, J.P.; Guleyupoglu, B.; Bikson, M.; Fregni, F. Cranial electrotherapy stimulation and transcranial pulsed current stimulation: A computer based high-resolution modeling study. Neuroimage 2013, 65, 280–287. [Google Scholar] [CrossRef] [PubMed]

	



Jaberzadeh, S.; Bastani, A.; Zoghi, M. Anodal transcranial pulsed current stimulation: A novel technique to enhance corticospinal excitability. Clin. Neurophysiol. 2014, 125, 344–351. [Google Scholar] [CrossRef] [PubMed]

	



Vasquez, A.; Malavera, A.; Doruk, D.; Morales-Quezada, L.; Carvalho, S.; Leite, J.; Fregni, F. Duration dependent effects of transcranial pulsed current stimulation (tPCS) indexed by electroencephalography. Neuromodul. Technol. Neural Interface 2016, 19, 679–688. [Google Scholar] [CrossRef] [PubMed]

	



Dissanayaka, T.; Zoghi, M.; Farrell, M.; Egan, G.; Jaberzadeh, S. The Effects of Monophasic Anodal Transcranial Pulsed Current Stimulation on Corticospinal Excitability and Motor Performance in Healthy Young Adults: A Randomized Double-Blinded Sham-Controlled Study. Brain Connect. 2022, 12, 260–274. [Google Scholar] [CrossRef] [PubMed]

	



Morales-Quezada, L.; Cosmo, C.; Carvalho, S.; Leite, J.; Castillo-Saavedra, L.; Rozisky, J.R.; Fregni, F. Cognitive effects and autonomic responses to transcranial pulsed current stimulation. Exp. Brain Res. 2015, 233, 701–709. [Google Scholar] [CrossRef] [PubMed]

	



McIntire, L.K.; McKinley, R.A.; Nelson, J.M.; Goodyear, C. Transcranial direct current stimulation versus caffeine as a fatigue countermeasure. Brain Stimul. 2017, 10, 1070–1078. [Google Scholar] [CrossRef]

	



Muthalib, M.; Kan, B.; Nosaka, K.; Perrey, S. Effects of Transcranial Direct Current Stimulation of the Motor Cortex on Prefrontal Cortex Activation during a Neuromuscular Fatigue Task: An fNIRS Study[M]//Oxygen Transport to Tissue XXXV; Springer: New York, NY, USA, 2013; pp. 73–79. [Google Scholar]

	



Hackney, A.C.; Anderson, T.; Dobridge, J. Exercise and Male Hypogonadism: Testosterone, the Hypothalamic-Pituitary-Testicular Axis, and Exercise Training[M]//Male Hypogonadism; Humana Press: Cham, Switzerland, 2017; pp. 257–280. [Google Scholar]

	



Brancaccio, P.; Limongelli, F.M.; Maffulli, N. Monitoring of serum enzymes in sport. Br. J. Sports Med. 2006, 40, 96–97. [Google Scholar] [CrossRef]

	



Selmi, O.; Ouergui, I.; Levitt, E.D.; Marzouki, H.; Knechtle, B.; Nikolaidis, P.T.; Bouassida, A. Training, psychometric status, biological markers and neuromuscular fatigue in soccer. Biol. Sport 2022, 39, 319–327. [Google Scholar] [CrossRef] [PubMed]

	



Segerstrom, S.C.; Nes, L.S. Heart rate variability reflects self-regulatory strength, effort, and fatigue. Psychol. Sci. 2007, 18, 275–281. [Google Scholar] [CrossRef] [PubMed]

	



Brunoni, A.R.; Vanderhasselt, M.A.; Boggio, P.S.; Fregni, F.; Dantas, E.M.; Mill, J.G.; Lotufo, P.A.; Benseñor, I.M. Polarity-and valence-dependent effects of prefrontal transcranial direct current stimulation on heart rate variability and salivary cortisol. Psychoneuroendocrinology 2013, 38, 58–66. [Google Scholar] [CrossRef]

	



Yang, D.; Shin, Y.I.; Hong, K.S. Systemic Review on Transcranial Electrical Stimulation Parameters and EEG/fNIRS Features for Brain Diseases. Front. Neurosci. 2021, 15, 274. [Google Scholar] [CrossRef] [PubMed]

	



Antal, A.; Alekseichuk, I.; Bikson, M.; Brockmöller, J.; Brunoni, A.R.; Chen, R.; Cohen, L.G.; Dowthwaite, G.; Ellrich, J.; Flöel, A.; et al. Low intensity transcranial electric stimulation: Safety, ethical, legal regulatory and application guidelines. Clin. Neurophysiol. 2017, 128, 1774–1809. [Google Scholar] [CrossRef] [PubMed]

	



American College of Sports Medicine. ACSM’s Guidelines for Exercise Testing and Prescription; American Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013. [Google Scholar]

	



Skinner, J.; Hutsler, E.; Bergsteinova, V.; Buskirk, E.R. The validity and reliability of a rating scale of perceived exertion. Med. Sci. Sports 1973, 5, 94–96. [Google Scholar] [CrossRef] [PubMed]

	



Stamford, B.A. Validity and reliability of subjective ratings of perceived exertion during work. Ergonomics 1976, 19, 53–60. [Google Scholar] [CrossRef]

	



Patel, M.; Lal, S.K.L.; Kavanagh, D.; Rossiter, P. Applying neural network analysis on heart rate variability data to assess driver fatigue. Expert Syst. Appl. 2011, 38, 7235–7242. [Google Scholar] [CrossRef]

	



Tabben, M.; Ihsan, M.; Ghoul, N.; Coquart, J.; Chaouachi, A.; Chaabene, H.; Tourny, C.; Chamari, K. Cold Water Immersion Enhanced Athletes’ Wellness and 10-m Short Sprint Performance 24-h After a Simulated Mixed Martial Arts Combat. Front. Physiol. 2018, 9, 1542. [Google Scholar] [CrossRef]

	



Young, H.A.; Benton, D. Heart-rate variability: A biomarker to study the influence of nutrition on physiological and psychological health? Behav. Pharmacol. 2018, 29, 140. [Google Scholar] [CrossRef]

	



Hecksteden, A.; Skorski, S.; Schwindling, S.; Hammes, D.; Pfeiffer, M.; Kellmann, M.; Ferrauti, A.; Meyer, T. Blood-borne markers of fatigue in competitive athletes–results from simulated training camps. PLoS ONE 2016, 11, e0148810. [Google Scholar] [CrossRef]

	



Morales-Quezada, L.; Leite, J.; Carvalho, S.; Castillo-Saavedra, L.; Cosmo, C.; Fregni, F. Behavioral effects of transcranial pulsed current stimulation (tPCS): Speed-accuracy tradeoff in attention switching task. Neurosci. Res. 2016, 109, 48–53. [Google Scholar] [CrossRef]

	



Karkoulias, K.; Habeos, I.; Charokopos, N.; Tsiamita, M.; Mazarakis, A.; Pouli, A.; Spiropoulos, K. Hormonal responses to marathon running in non-elite athletes. Eur. J. Int. Med. 2008, 19, 598–601. [Google Scholar] [CrossRef]

	



França, S.C.A.; Barros Neto, T.L.; Agresta, M.C.; Lotufo, R.F.M.; Kater, C.E. Divergent responses of serum testosterone and cortisol in athlete men after a marathon race. Arq. Bras. Endocrinol. Metabol. 2006, 50, 1082–1087. [Google Scholar] [CrossRef] [PubMed]

	



Ko, D.H.; Kim, S.E.; Lee, J.Y. Prevalence of Low Testosterone According to Health Behavior in Older Adults Men. Healthcare 2020, 9, 15. [Google Scholar] [CrossRef] [PubMed]

	



Slivka, D.R.; Hailes, W.S.; Cuddy, J.S.; Ruby, B.C. Effects of 21 days of intensified training on markers of overtraining. J. Strength Cond. Res. 2010, 24, 2604–2612. [Google Scholar] [CrossRef] [PubMed]

	



Raastad, T.; Glomsheller, T.; Bjøro, T.; Hallén, J. Changes in human skeletal muscle contractility and hormone status during 2 weeks of heavy strength training. Eur. J. Appl. Physiol. 2001, 84, 54–63. [Google Scholar] [CrossRef]

	



Martínez-Montoro, J.I.; Molina-Vega, M.; Asenjo-Plaza, M.; García-Ruiz, M.C.; Varea-Marineto, E.; Plaza-Andrade, I.; Álvarez-Millán, J.J.; Cabezas-Sánchez, P.; Tinahones, F.J.; Fernández-García, J.C. Adiposity is Associated with Decreased Serum 17-Hydroxyprogesterone Levels in Non-Diabetic Obese Men Aged 18–49: A Cross-Sectional Study. J. Clin. Med. 2020, 9, 3873. [Google Scholar] [CrossRef] [PubMed]

	



Crewther, B.; Keogh, J.; Cronin, J.; Keogh, J. Possible stimuli for strength and power adaptation. Sports Med. 2006, 36, 215–238. [Google Scholar] [CrossRef]

	



Aufegger, L.; Wasley, D. Salivary cortisol and alpha-amylase are modulated by the time and context of musical performance. Int. J. Stress Manag. 2018, 25, 81. [Google Scholar] [CrossRef]

	



Peeters, G.; Van Schoor, N.M.; Visser, M.; Knol, D.L.; Eekhoff, E.M.W.; de Ronde, W.; Lips, P. Relationship between cortisol and physical performance in older persons. Clin. Endocrinol. 2007, 67, 398–406. [Google Scholar] [CrossRef]

	



Gardner, M.P.; Lightman, S.L.; Gallacher, J.; Hardy, R.; Kuh, D.; Ebrahim, S.; Bayer, A.; Ben-Shlomo, Y.; Halcyon Study Team. Diurnal cortisol patterns are associated with physical performance in the Caerphilly Prospective Study. Int. J. Epidemiol. 2011, 40, 1693–1702. [Google Scholar] [CrossRef]

	



Arruda, A.F.; Aoki, M.S.; Freitas, C.G.; Drago, G.; Oliveira, R.; Crewther, B.T.; Moreira, A. Influence of competition playing venue on the hormonal responses, state anxiety and perception of effort in elite basketball athletes. Physiol. Behav. 2014, 130, 1–5. [Google Scholar] [CrossRef]

	



Slimani, M.; Cheour, F.; Moalla, W.; Baker, J.S. Hormonal responses to a rugby match: A brief review. J. Sports Med. Phys. Fit 2018, 58, 707–713. [Google Scholar] [CrossRef] [PubMed]

	



Souglis, A.; Bogdanis, G.C.; Giannopoulou, I.; Papadopoulos, C.; Apostolidis, N. Comparison of inflammatory responses and muscle damage indices following a soccer, basketball, volleyball and handball game at an elite competitive level. Res. Sports Med. 2015, 23, 59–72. [Google Scholar] [CrossRef] [PubMed]

	



Mehrsafar, A.H.; Rosa, M.A.S.; Zadeh, A.M.; Gazerani, P. A feasibility study of application and potential effects of a single session transcranial direct current stimulation (tDCS) on competitive anxiety, mood state, salivary levels of cortisol and alpha amylase in elite athletes under a real-world competition. Physiol. Behav. 2020, 227, 113173. [Google Scholar] [CrossRef] [PubMed]

	



Raimundo, R.J.S.; Uribe, C.E.; Brasil-Neto, J.P. Lack of clinically detectable acute changes on autonomic or thermoregulatory functions in healthy subjects after transcranial direct current stimulation (tDCS). Brain Stimul. 2012, 5, 196–200. [Google Scholar] [CrossRef] [PubMed]

	



Moreno-Duarte, I.; Gebodh, N.; Schestatsky, P.; Guleyupoglu, B.; Reato, D.; Bikson, M.; Fregni, F. Transcranial electrical stimulation: Transcranial direct current stimulation (tDCS), transcranial alternating current stimulation (tACS), transcranial pulsed current stimulation (tPCS), and transcranial random noise stimulation (tRNS). In The Stimulated Brain; Elsevier: Amsterdam, The Netherlands, 2014; pp. 35–59. [Google Scholar]

	



Feng, F.; Liu, Y. Monitoring of some biochemical indexes of classical young wrestlers during high-intensity training. J. Shanghai Inst. Phys. Educ. 2005, 2, 55–58. [Google Scholar]

	



Chen, Y.; Huang, W. Study on the characteristics of physiological and biochemical indexes of athletes with different sword types in fencing. China Sports Sci. Technol. 2008, 2, 116–120. [Google Scholar]

	



Zeng, C.; Wang, W.; Chen, C.; Zhang, C.; Cheng, B. Sex differences in time-domain and frequency-domain heart rate variability measures of fatigued drivers. Int. J. Environ. Res. Public Health 2020, 17, 8499. [Google Scholar] [CrossRef]

	



Farinatti, P.; Cordeiro, R.; Vogel, M.; Machado, S.; Monteiro, W. Postexercise blood pressure and autonomic responses after aerobic exercise following anodal tDCS applied over the medial prefrontal cortex. Neurosci. Lett. 2019, 711, 134444. [Google Scholar] [CrossRef]

	



Thorpe, R.T.; Strudwick, A.J.; Buchheit, M.; Atkinson, G.; Drust, B.; Gregson, W. Monitoring fatigue during the in-season competitive phase in elite soccer players. Int. J. Sports Physiol. Perform. 2015, 10, 958–964. [Google Scholar] [CrossRef]

	



Al Haddad, H.; Laursen, P.B.; Chollet, D.; Ahmaidi, S.; Buchheit, M. Reliability of resting and postexercise heart rate measures. Int. J. Sports Med. 2011, 32, 598–605. [Google Scholar] [CrossRef]

	



Garet, M.; Tournaire, N.; Roche, F.; Laurent, R.; LAcour, J.R.; Barthélémy, J.C.; Pichot, V. Individual interdependence between nocturnal ANS activity and performance in swimmers. Med. Sci. Sports Exerc. 2004, 36, 2112–2118. [Google Scholar] [CrossRef] [PubMed]

	



Pichot, V.; Roche, F.; Gaspoz, J.; Enjolras, F.; Antoniadis, A.; Minini, P.; Costes, F.; Busso, T.; Lacour, J.R.; Barthélémy, J.C. Relation between heart rate variability and training load in middle-distance runners. Med. Sci. Sports Exerc. 2000, 32, 1729–1736. [Google Scholar] [CrossRef] [PubMed]

	



Botek, M.; McKune, A.J.; Krejci, J.; Stejskal, P.; Gaba, A. Change in performance in response to training load adjustment based on autonomic activity. Int. J. Sports Med. 2014, 35, 482–488. [Google Scholar] [CrossRef]

	



Bernardi, L.; Leuzzi, S.; Radaelli, A.; Passino, C.; Johnston, J.A.; Sleight, P. Low-frequency spontaneous fluctuations of RR interval and blood pressure in conscious humans: A baroreceptor or central phenomenon? Clin. Sci. 1994, 87, 649–654. [Google Scholar] [CrossRef]

	



Uusitalo, A.; Uusitalo, A.J.; Rusko, H.K. Endurance training, overtraining and baroreflex sensitivity in female athletes. Occup. Health Ind. Med. 1999, 1, 48. [Google Scholar] [CrossRef] [PubMed]

	



Montenegro, R.A.; Farinatti, P.D.T.V.; Fontes, E.B.; da Silva Soares, P.P.; da Cunha, F.A.; Gurgel, J.L.; Porto, F.; Cyrino, E.S.; Okano, A.H. Transcranial direct current stimulation influences the cardiac autonomic nervous control. Neurosci. Lett. 2011, 497, 32–36. [Google Scholar] [CrossRef] [PubMed]

	



Aubert, A.E.; Seps, B.; Beckers, F. Heart rate variability in athletes. Sports Med. 2003, 33, 889–919. [Google Scholar] [CrossRef] [PubMed]

	



Kliszczewicz, B.; Williamson, C.; Bechke, E.; McKenzie, M.; Hoffstetter, W. Autonomic response to a short and long bout of high-intensity functional training. J. Sports Sci. 2018, 36, 1872–1879. [Google Scholar] [CrossRef]

	



Pichon, A.P.; de Bisschop, C.; Roulaud, M.; Denjean, A.; Papelier, Y. Spectral analysis of heart rate variability during exercise in trained subjects. Med. Sci. Sports Exerc. 2004, 36, 1702–1708. [Google Scholar] [CrossRef]

	



Casadei, B.; Moon, J.; Johnston, J.; Caiazza, A.; Sleight, P. Is respiratory sinus arrhythmia a good index of cardiac vagal tone in exercise? J. Appl. Physiol. 1996, 81, 556–564. [Google Scholar] [CrossRef]

	



Kiss, O.; Sydó, N.; Vargha, P.; Vágó, H.; Czimbalmos, C.; Édes, E.; Zima, E.; Apponyi, G.; Merkely, G.; Sydó, T.; et al. Detailed heart rate variability analysis in athletes. Clin. Autonom. Res. 2016, 26, 245–252. [Google Scholar] [CrossRef] [PubMed]

	



Bonato, M.; Agnello, L.; Galasso, L.; Montaruli, A.; Roveda, E.; Merati, G.; La Torre, A.; Vitale, J.A. Acute modification of cardiac autonomic function of high-intensity interval training in collegiate male soccer players with different chronotype: A cross-over study. J. Sports Sci. Med. 2017, 16, 286. [Google Scholar] [PubMed]

	



Stanley, J.; Peake, J.M.; Buchheit, M. Cardiac parasympathetic reactivation following exercise: Implications for training prescription. Sports Med. 2013, 43, 1259–1277. [Google Scholar] [CrossRef] [PubMed]

	



Kliszczewicz, B.M.; Esco, M.R.; Quindry, J.C.; Blessing, D.L.; Oliverm, G.D.; Taylor, K.L.; Price, B.M. Autonomic Responses to an Acute Bout of High-Intensity Body Weight Resistance Exercise vs. Treadmill Running. J. Strength Cond. Res. 2016, 30, 1050–1058. [Google Scholar] [CrossRef]

	



Manzi, V.; Castagna, C.; Padua, E.; Lombardo, M.; D’Ottavio, S.; Massaro, M.; Volterrani, M.; Iellamo, F. Dose-response relationship of autonomic nervous system responses to individualized training impulse in marathon runners. Am. J. Physiol. Heart Circ. Physiol. 2009, 296, H1733–H1740. [Google Scholar] [CrossRef] [PubMed]

	



Alon, G.; Yungher, D.A.; Shulman, L.M.; Rogers, M.W. Safety and immediate effect of noninvasive transcranial pulsed current stimulation on gait and balance in Parkinson disease. Neurorehab. Neural Repair 2012, 26, 1089–1095. [Google Scholar] [CrossRef]








[image: Ijerph 19 07042 g001 550] 





Figure 1. CONSORT Flow Diagram. 
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Figure 2. Effects of tPCS intervention programs on indicators of blood markers and HVR after medium−intensity training. Note: (A): Effects of tPCS intervention on T; (B): Effects of tPCS intervention on C; (C): Effects of tPCS intervention on T/C; (D): Effects of tPCS intervention on CK; (E): Effects of tPCS intervention on RMSSD; (F): Effects of tPCS intervention on SDNN; (G): Effects of tPCS intervention on LF; (H): Effects of tPCS intervention on HF. ** represents p < 0.05; *** represents p < 0.01; Orange (◼) means experimental group; Blue (◼) means control group (the same below). T−pre means before true intervention; S−pre means before sham intervention; T−post means after true intervention; S−post means after sham intervention. 
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Figure 3. Changes in blood marker values and HRV values before and after tPCS intervention. Note: (A): Changes in T values before and after tPCS intervention; (B): Changes in C values before and after tPCS intervention; (C): Changes in T/C values before and after tPCS intervention; (D): Changes in CK values before and after tPCS intervention; (E): Changes in RMSSD values before and after tPCS intervention; (F): Changes in SDNNs value before and after tPCS intervention; (G): Effects of tPCS intervention on LF; (H): Changes in HF values before and after tPCS intervention. Pre means before intervention; Post means after intervention. 
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Table 1. Basic information of participants.
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	Experimental Group
	Comparison Group
	p-Value





	Age/years
	20.47 ± 0.72
	20.63 ± 1.46
	0.683



	Height/cm
	177.89 ± 7.24
	178.37 ± 6.40
	0.832



	Weight/kg
	73.97 ± 10.99
	70.58 ± 8.96
	0.315



	Training years
	4.12 ± 0.99
	4.00 ± 0.75
	0.688










[image: Table] 





Table 2. Training volume and training time.
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	Day
	Total Training Distance
	Main Training Time/min
	Auxiliary Training Time/min
	Borg





	First day
	20 km
	138 min
	42 min
	8.53 ± 0.67



	Second day
	14 km
	108 min
	72 min
	8.26 ± 0.44



	Third day
	22 km
	144 min
	36 min
	8.80 ± 0.75



	Fourth day
	16 km
	113 min
	67 min
	8.36 ± 0.60



	Fifth day
	18 km
	124 min
	56 min
	9.00 ± 0.68



	Sixth day
	14 km
	110 min
	70 min
	8.66 ± 0.65



	Seventh day
	18 km
	120 min
	50 min
	8.93 ± 0.72







Note: Main training refers to formal running time and auxiliary training refers to technical movement preparation, simulation training, warm-up, and so on.
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Table 3. Main effect and interactive effects of blood markers and HRV indicators after tPCS intervention.






Table 3. Main effect and interactive effects of blood markers and HRV indicators after tPCS intervention.















	Indicators
	
	F
	p
	Indicators
	
	F
	p





	T (ng/mL)
	Time
	9.330
	0.003
	RMSSD/ms
	Time
	8.254
	0.006



	
	group
	2.813
	0.099
	
	group
	0.157
	0.694



	
	Time × group
	1.535
	0.220
	SDNN/ms
	Time × group
	0.828
	0.367



	C (nmol/L)
	Time
	97.966
	0.000
	
	Time
	16.366
	0.000



	
	group
	14.084
	0.000
	
	group
	3.671
	0.060



	
	Time × group
	14.478
	0.000
	LF/ms2
	Time × group
	1.937
	0.169



	T/C
	Time
	76.102
	0.003
	
	Time
	19.263
	0.000



	
	group
	4.445
	0.039
	
	group
	7.032
	0.010



	
	Time × group
	8.024
	0.006
	
	Time × group
	7.032
	0.01



	CK (ng/mL)
	Time
	90.626
	0.000
	HF/ms2
	Time
	109.850
	0.000



	
	group
	2.393
	0.127
	
	group
	0.203
	0.654



	
	Time × group
	5.171
	0.027
	
	Time ×

group
	7.410
	0.009
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Table 4. Analysis of blood markers and HRV results before and after tPCS intervention in the two groups.
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Indicators

	
Test Time

	
Experimental

Group

	
Control

Group

	
T

	
p

	
Rate of Change Difference






	
T (ng/mL)

	
Pre-training

	
5.677 ± 0.708

	
5.565 ± 0.589

	
0.608

	
0.545

	
4.313%




	
Post-training

	
5.494 ± 0.658

	
5.155 ± 0.552

	
2.162

	
0.035




	
C (nmol/L)

	
Pre-training

	
255.112 ± 31.098

	
245.701 ± 18.050

	
1.434

	
0.157

	
16.700%




	
Post-training

	
287.021 ± 27.151

	
317.465 ± 34.937

	
−3.769

	
0.000




	
T/C

	
Pre-training

	
0. 070 ± 0.013

	
0.071 ± 0.009

	
−0.228

	
0.821

	
13.884%




	
Post-training

	
0.060 ± 0.010

	
0.051 ± 0.008

	
3.753

	
0.000




	
CK (ng/mL)

	
Pre-training

	
80.509 ± 10.382

	
79.113 ± 11.745

	
0.488

	
0.627

	
11.848%




	
Post-training

	
95.041 ± 10.811

	
102.765 ± 11.389

	
−2.694

	
0.009




	
RMSSD/ms

	
Pre-training

	
45.080 ± 14.236

	
45.716 ± 17.882

	
0.153

	
0.879

	
8.655%




	
Post-training

	
40.744 ± 14.537

	
37.36 ± 16.73

	
0.836

	
0.407




	
SDNN/ms

	
Pre-training

	
73.399 ± 15.579

	
69.601 ± 16.900

	
0.905

	
0.369

	
11.624%




	
Post-training

	
66.05 ± 18.010

	
54.541 ± 23.767

	
2.114

	
0.039




	
LF/ms2

	
Pre-training

	
1557.930 ± 590.033

	
1544.173 ± 579.528

	
0.091

	
0.928

	
34.418%




	
Post-training

	
1731.498 ± 752.877

	
2247.697 ± 839.009

	
−2.508

	
0.015




	
HF/ms2

	
Pre-training

	
1211.880 ± 338.954

	
1264.589 ± 485.907

	
−0.487

	
0.628

	
15.341%




	
Post-training

	
917.129 ± 400.070

	
763.014 ± 578.380

	
1.200

	
0.235








Note: The rate of change difference refers to the difference between the change rate of each index in the experimental group and control group.
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