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Background: During competition and training, exercises involving the lungs may occur throughout the sport, and fatigue is a major injury risk factor in sport, before and after fatigue studies of changes in the lungs are relatively sparse. This study is to investigate into how fatigue affects the lower limb’s biomechanics during a forward lunge.
Methods: 15 healthy young men participate in this study before and after to exposed to a fatigue protocol then we tested the forward lunge to obtain kinematic, kinetic changing during the task, and to estimate the corresponding muscles’ strength changes in the hip, knee, and ankle joints. The measurement data before and after the fatigue protocol were compared with paired samples t-test.
Results: In the sagittal and horizontal planes of the hip and knee joints, in both, the peak angles and joint range of motion (ROM) increased, whereas the moments in the sagittal plane of the knee joint smaller. The ankle joint’s maximum angle smaller after fatigue. Peak vertical ground reaction force (vGRF) and peak contact both significantly smaller after completing the fatigue protocol and the quadriceps mean and maximum muscular strength significantly increased.
Conclusion: After completing a fatigue protocol during lunge the hip, knee, and ankle joints become less stable in both sagittal and horizontal planes, hip and knee range of motion becomes greater. The quadriceps muscles are more susceptible to fatigue and reduced muscle force. Trainers should focus more on the thigh muscle groups.
Keywords: forward lunge, kinetics, kinematics, fatigue, lower limb
1 INTRODUCTION
Lunge is an important part of a lower-limb muscle strength training and rehabilitation programs. This task is typically performed to enhance the lower limb muscles'-ability to generate higher force, especially in the quadriceps, and to minimize the risk of joint injury (Keogh, 1999), and develop functional postural balance (Ebben et al., 2009). Lunge requires more balance than the more commonly used deep squat thus it can be used more safely to strengthen the biarticular quadriceps and hamstrings muscles, which are necessary for appropriate rehabilitation of gait and daily living activities (Wilson et al., 2008; Dregney et al., 2023). Also, this task often makes sure that the athlete’s lower body and trunk become strong, flexible, and stable enough to support safe and efficient augmentation training (Tippett and Voight, 1995).
While modest knee loads support the health of the joint cartilage (Griffin and Guilak, 2005), high-intensity loads or extended exercise might cause injuries in the knee (Ebben et al., 2009; Richmond et al., 2013). Repeated work exposure to bow steps may also raise the incidence of joint degenerations, especially in the knee joint (Amin et al., 2008). For instance, repetitive knee flexion during work duties can lead to excessive fatigue (Richmond et al., 2013). Furthermore, the risk of injury increases when the intensity of exercise increases and activation of certain muscles increases or even exceeds the activation of other muscles (Irish et al., 2010).
Muscle fatigue, which is characterized by decreased muscular efficiency and force production capacity after extended exposure to activity (Gandevia et al., 2006; Yamane et al., 2023), has repeatedly been proven to have a negative impact on performance (Pincivero et al., 2000). In female athletes doing single-leg landings, neuromuscular fatigue has been demonstrated to alter knee flexion, knee abduction, and hip internal rotation (McLean and Samorezov, 2009). Moreover, the muscles’ diminished capacity for force production may affect their capacity to function as dynamic joint dampers (Pincivero et al., 2000) and may contribute to damage (Du and Fan, 2020). For instance, epidemiological research shows that greater incidence of badminton injuries are discovered during trainings because of muscle strength decreased (Shariff et al., 2009; Kondrič et al., 2011). In badminton, lunge is frequently employed as a fundamental step, and when players grow tired, they are more likely to suffer ankle injuries in addition to knee injuries during practice or competition (Herbaut et al., 2018). Garcia et al. (2012), however, showed the lunge squat is an exercise that accurately represents the tiredness process and enhances knee stability by equally activating the quadriceps and hamstring complexes, and this co-activation Weir et al. (1998) observed to occur simultaneously with fatigue. The fatigue process reduces the contraction force and muscle activation time of the quadriceps, which triggers an increase in hamstring muscle activity during fatigue (Garcia et al., 2012). By preventing external joint rotation, the quadriceps, hamstrings, and gastrocnemius muscles stabilize the knee (Winby et al., 2009). On the other hand, fatigue fractures are a common injury that typically arise from running exercise. Consequently, a vital initial step in guiding injury prevention research and informing injury screening is understanding how fatigue affects movement patterns in standard musculoskeletal screening procedures (Weeks et al., 2015).
Some studies have illustrated lunge and squat EMG and kinematic changes under different loading conditions (Stastny et al., 2015a; Stastny et al., 2015b), but fewer studies have been conducted after prolonged exercise or even fatigue. The muscle performance during extended exercise is unknown, although experienced gym athletes show greater muscular strength and better joint coordination compared to novice, which helps to minimize redundancy in force production through joint coordination and employing muscle power effectively (Phomsoupha and Laffaye, 2015).
There is a lack of many studies focusing on how fatigue induce kinematic and kinetics changing in lunge. There is a lack of information on the kinematics, kinetics, and changes in the force generation of the relevant muscle groups in the lunge before and after fatigue, despite the kinematic performance of the lunge in various directions (Comfort et al., 2015; Goulette et al., 2021; Park et al., 2021) and of closed chain exercises of the lower limb after fatigue (Gribble et al., 2007; Weeks et al., 2015; Du and Fan, 2020). Therefore, the aim of this study was to investigate the effects of fatigue on lower limb biomechanics during the anterior lunge before and after completing a fatigue protocol. Fatigue is a major contributor to injury risk, and relevant objective data provide the required understanding for understanding the cause of injury and to help improve injury prevention programs.
2 MATERIALS AND METHODS
2.1 Participants
The sample size was determined using data from previous studies (Nielsen et al., 2018; Liu et al., 2023). At least 15 participants were selected using G*Power3.1, Statistical test choosing Means: Wilcoxon signed-rank test (matched pairs) with tails of 2 and an alpha value of 0.05 and a power value of 0.80 and effect size of 0.80 (Faul et al., 2009). 15 young healthy males were recruited for this study, and relevant basic information is shown in Figure 1. The dominant leg was identified by self-declaration of the preferred leg during kicking which was defined as the dominant limb. Participants had no lower limb muscle or bone illness or injury 6 months prior to this testing session. Before the experiment, participants fasted for 2 h and were not allowed to drink any alcohol or caffeine for the following 24 h. To prevent shoes from influencing the experiment’s outcomes, they all wore shoes of the same design. All participants signed an informed permission form before the experiment and were made aware of the importance and goal of the study as well as the testing methods. The Ethics Committee of Ningbo University Research Institute approved the experiment. (NO: RAGH202303073005.2).
[image: Figure 1]FIGURE 1 | (A) Basic information of participants; (B) Back, front, and side view of the participant’s reflective markers; (C) Forward lunge process and corresponding vGRF; a, Initial impact peak; b, Drive-off peak.
2.2 Instruments
An eight-camera Vicon motion capture system (Vicon Metrics Ltd., Oxford UK) was used to capture the markers motion trajectories with a sampling frequency of 200 Hz. Simultaneously with motion capture an embedded Kistler 3D force plate (Kistler, Switzerland) was used to record ground reaction forces with 1000 Hz. Before the experiment, 38 reflective markers (diameter: 14 mm) were mounted onto their bodies (Figure 1).
The EMG signals of the rectus femoris (RF), biceps longus (BF), tibialis anterior (TA), and gastrocnemius (GA) were recorded simultaneously at 1000 Hz with a Delsys EMG test system (Delsys, Boston, MA, and United States) to validate the results of the model. Maximum voluntary isometric contractions (MVIC) were performed for the rectus femoris, biceps femoris long head, tibialis anterior, and gastrocnemius muscles using a dynamometer (CON-TREX MJ System, CMV, Dübendorf, Switzerland).
2.3 Procedures
First, participants warmed up with 5 min run on a stationary motorized treadmill (h/p/cosmos sports and medical GmbH, Nussdorf-Traunstein, Germany). The leg length of each participant was measured manually with a metric ruler. We defined step length as the 70% of the leg length. The lunging leg position was marked with tape on the force platform for both side and starting position was also marked with tape with the corresponding distance for each participant leg length.
To obtain maximal values of EMG signals, participants performed a 5-s MVIC on a dynamometer, and each participant performed 3 consecutive measurements for each muscle group with 1-min rest interval. The MVIC was tested according to the recommended setting of the dynamometer, which allows participants to power up to the maximum force possible (Bliss and Dekerle, 2019). Professionals were on hand to guide and protect the participants throughout the test and secured the athlete’s trunk with a strap to avoid pronation. The participants were provided with concurrent visual feedback in the form of an isokinetic strength curve displayed on the dynamometer monitor. Verbal encouragement was also provided.
After skin preparation, shave off the body and clean the skin with alcohol. Bipolar surface electrodes were attached over four lower limb muscles. The sensor was placed over the muscle belly of the muscle parallel to the direction of the muscle fascicles. Bipolar surface electrodes (adhesive disposable electrode, 10 mm interelectrode distance) were taped parallel to muscle fascicles. Electrode placements was in accordance with the SENIAM recommendations (Hermens et al., 2000). The EMG signals of the RF, BF, TA, and GA muscles were collected at 1000 Hz using a wireless Delsys EMG test system.
Before the experiment, participants received specific instructions from an expert coach with several years of experience to make sure that participants were familiar with the task and that can perform the task properly. Proper executions had to meet the following criteria: 1) the body must remain upright and perpendicular to the horizontal at all times, with the arms crossed at the sides of the body; 2) the dominant leg’s thigh must be perpendicular to the ground; and 3) the non-dominant leg’s knee must be close to the ground but not touch it. Lunge started in a standing position with feet parallel to each other, at the previously marked starting location of the experiment. Then lunge was initiated by a verbal command. Based on the lunge forward of the dominant leg (right leg) to the mark on the force platform, participants were asked to moved their body weight downward to the upright leg and to maintain an upright posture. After the deepest position the non-dominant leg followed the dominant leg forward and settles parallel to the upright foot and stood on the corresponding ground marking, i.e., the body back into a standing position at the end. When a lunge is completed, the expert will indicate the quality of this movement, whether it reached the standard and how it can be improved. Unqualified movements are not included in the data.
Prior completing the fatigue protocol participants were familiarized with the fatigue protocol and instructed in the use of the Borg Scale RPE 6–20 scale (Borg, 1982), to obtain the level of the subjective fatigue. In addition, heart rate was also measured with a portable detector (Polar RS100, Polar Electro Oy, Woodbury, NY, and United States) to monitor the changes in heart rate (HR) changes during the fatigue protocol. In to imitate lower limb movement patterns that might be seen in a sporting or recreational situation (Weeks et al., 2015), fatigue protocol consisted 20 repetitions of forward lunges (alternating forward lunges with the dominant and non-dominant leg) and a 400-m of running at an individually maximal running speed on a motorized treadmill. If fatigue level was minimal after one set of fatigue protocols, then the following set of procedures were carried out, and so on. HR and RPE data are used to quantify fatigue (Du and Fan, 2020). When the participants were unable to continue the fatigue protocol due to exhaustion, or their heart rates reached 90% of the maximum heart rate (HRmax = 220-age) predicted for their age, or if their Borg scale scores reached RPE >17 (very difficult), fatigue was considered to be occurred. Participants were not informed about the number of repetitions to avoid intentional halting to save energy.
After the fatigue protocol was completed, we repeated the measured lung test. 5 min were given for placing reflective markers on to the participants body. For each person, six repetition was requested, three trial included in the analysis, the flow chart is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Flowchart of the study.
2.4 Data collection and processing
One lunge data period was defined as starting from the previous frame of the dominant leg contacting the force table to the end of the next stance position. By collecting kinematic and kinetic data from the hip, knee, and ankle joints in the sagittal and horizontal planes, as well as vertical ground reaction forces (vGRF), joint changes under fatigue were examined. Lunge can be divided lunges into five phases recommended by Kuntze et al. (2010). In this study we used the first and last peak of the ground reaction force as initial impact peak and drive-off peak (Figure 1).
Joint moment, vGRF, and muscular strength data were normalized to body weight, respectively. Joint angular data, moment, and vGRF data were time-normalized to lunge strides (1–101 points), then these strides were averaged in a group level.
The original EMG signal is first pre-processed, including 50 Hz trapping to remove the industrial frequency interference, then 30 Hz zero-phase-shift high-pass filtering to remove motion artefacts; finally, the signal is taken to its absolute value, and the negative half-axis of the signal is flipped to the positive half-axis. Processing EMG signals in the 10–500 Hz frequency range using a bandpass fourth-order Butterworth filter (Zhang et al., 2010). The amplitude analysis is carried out using root mean square (RMS) calculation. RMS values of the EMG signals were calculated with a window size of 50 m. Using the same method for the EMG signal at MVIC, EMG values during lunge were normalized to the peak MVIC activity for each corresponding muscles. The MVIC and standardized activity value of each action was output. The EMG activity was calculated from 0 (0, completely inactive) to 1 (100%, fully activated) through the test root mean square amplitude/MVIC root mean square amplitude.
Marker trajectories and ground reaction force were filtered by zero-latency fourth-order Butterworth low-pass filters at 12 and 30 Hz, respectively. A threshold of 20 N was used, and ground reaction force data to determine the instant of the ground contact. The filtered marker coordinate data were imported into OpenSim for data processing after being converted in Matlab R2018a (The MathWorks, MA, United States) to formats recognized by OpenSim 4.3 (.mot and. trc) (Zhou et al., 2021). The model Mei et al. (2022) used in this experiment was adapted from the original OpenSim model (Rajagopal et al., 2016) by Mei et al. (2022). The model was upgraded with additional ranges of motion in the coronal and horizontal planes of the knee joint. First, the model was scaled to the static calibration measurement data using the positions and weights of the subjects’ marker points. Marker positions were manually corrected to reduce RMS error value (less than 0.02) between the experimental and virtual markers in the model. In order to reduce the error between the experimental and virtual markers, the joint angles were estimated using the inverse kinematics (IK) calculation tool in OpenSim. The findings were then optimized using least squares. The net moments of the hip, knee, and ankle joints are determined calculating inverse dynamics (ID) with a built in OpenSim algorithm. In order to determine the net forces and torques for each joint that creates the motion, the ID tool solves the force and acceleration mathematical equations of classical mechanics in an inverse dynamics sense (Yamane et al., 2023). The next step involved estimating muscle forces and muscle activation using static optimization (SO) and minimization of the sum of squared muscle activity. The Delsys EMG test system measurements of standardized muscle electrical signals were used to validate the model, which was then compared to the OpenSim static optimization algorithm’s output of the degree of muscle activation. The quadriceps, hamstrings, gastrocnemius, and tibialis anterior muscles were among the major muscle groups whose forces were estimated using static optimization.
2.5 Statistical analysis
Data are presented as the Mean Difference and Standard Deviations (MD±SD). To check the normality of each dataset we used Shapiro-Wilk normality test. Paired samples t-tests were used to compare joint ROM, peak joint angles, peak joint moments, peak vGRF, and two peaks (A and B) of the lunge test before and after the fatigue protocol. The direction of the movement was also marked as follows: 1; flexion (+)-extension (−) in the sagittal plane and internal rotation (+)-external rotation (−) in the horizontal plane, 2; knee joint was flexion (+)-extension (−) in the sagittal plane and internal rotation (+)-external rotation (−) in the horizontal plane. 3; ankle sagittal plane was dorsiflexion (+) and plantarflexion (−). IBM SPSS Statistics 26 (IBM Corporation, Armonk, NY) was used to calculate all statistical analysis. The alpha level was set at 5%.
3 RESULTS
3.1 Hip, knee, and ankle joint angles
As can be seen in Table 1, there was a significant difference in the hip’s maximum angle both in the sagittal plane and horizontal plane before and after fatigue (p = 0.007 and p = 0.017), representing an increase of 4.38° and 3.35°. And hip minimum peak joint angle was significantly lower (p = 0.011) in the horizontal plane after fatigue. There was a 5.75° increase in ROM and a significant difference in maximal and ROM at the knee joint (both p = 0.001) in the sagittal plane. And for the knee in the horizontal plane after fatigue, the maximum value has, increased by 11.99°, a significantly higher (p < 0.001), ROM also differed significantly before and after fatigue (p = 0.001), with an increase of 10.32°. The maximum and minimum values in the ankle were significantly different (both p < 0.001). The ROM was nearly unchanged, while the maximum value decreased by 7.49° and the minimum value dropped by 7.74°.
TABLE 1 | Hip, knee and ankle range of motion and maximum and minimum peak angles in the Sagittal plane and Horizontal plane before and after fatigue protocol.
[image: Table 1]3.2 Hip, hip, and ankle joint moments
As shown in Table 2, there was a significant difference in the peak sagittal plane moment at the hip joint before and after fatigue (p < 0.001), with an increase in moment of 0.39 Nm/kg. There was also a significant increase in the horizontal plane (p = 0.003) as well. The moment at the knee joint significantly decreased in the sagittal plane by 0.24 Nm/kg (p = 0.004). At the ankle joint, the sagittal plane moment was statistically significant after fatigue (p = 0.023). At the ankle joint, the post-fatigue sagittal moment was statistically significant (p = 0.023).
TABLE 2 | Peak joint moments in the sagittal and horizontal plane before and after fatigue protocol.
[image: Table 2]3.3 Hip, hip, and ankle joint moments
Table 3 shows that only the initial contact peak (A) for vGRF before and after fatigue had a statistically significant decline of 0.49 N/kg (p = 0.014). The mean peak and the drive-off peak (B) were not statistically significant, but the mean peak increases while the drive-off peak decreases.
TABLE 3 | Peak vGRF, of the first peak and last peak before and after fatigue protocol.
[image: Table 3]3.4 Model validation and muscle force
According to Figure 3, muscle activity during lunge using the OpenSim SO tool matched the experimentally obtained EMG activity signal trends, proving that the data from the OpenSim model in this study is reliable (Hamner and Delp, 2013). When compared to muscle forces before fatigue (Figure 4), the biceps femoris and gastrocnemius both had lower average and maximal muscle force after fatigue protocol. The quadriceps and tibialis anterior muscles generated more force on average and at their maximal force output was also higher. The average muscle force of the tibialis anterior muscle was increased by 1.56 N/kg compared to after fatigue, it has a significant difference (p = 0.001); its maximum muscle force increased by 3.00 N/kg, also a significant difference, (p = 0.046). The mean muscle force of the biceps femoris decreased by 4.19 N/kg (p < 0.001). The maximum muscle force was significantly different, decreasing by 12.76 N/kg (p = 0.005). For the quadriceps, mean muscle force significantly increased by 13.16 N/kg (p = 0.002), and maximum muscle force increased by 19.78 N/kg (p < 0.001). Of the muscles explored, the quadriceps had the most significant increase in mean and maximum muscle force.
[image: Figure 3]FIGURE 3 | The comparison of gastrocnemius (A), biceps femoris (B), rectus femoris (C), and tibialis anterior (D) EMG activity levels obtained using the EMG signal and the estimated values from the OpenSim optimization algorithm.
[image: Figure 4]FIGURE 4 | Comparison of the average (A) and maximal (B) estimated muscle force during lunge before and after fatigue protocol. GA, gastrocnemius; TA, tibialis anterior; BF, biceps femoris; QF, quadriceps femoris. *, p < 0.05.
4 DISCUSSION
The aim of this study is to investigate the changes of lunge biomechanics before and after completing a fatigue protocol in healthy young men. Our results provide the necessary insights by using our objective data to understand which aspects of the lower limb are specifically affected by fatigue, and help to prevent the injuries associated with fatigue based on previous research. Fatigue needs to be taken into account as part of a risk assessment for injuries where internal workload, cardiovascular fitness, and fatigue interact (Benjaminse et al., 2019; Song et al., 2023). Running and forward lunge a chosen as the fatigue protocol for this study because it more accurately simulates the fatigue brought on by performing exercise repeatedly.
In both the sagittal and horizontal planes of the hip joint, according to our research, the peak angle increased in the sagittal plane and horizontal plane. On both planes, ROM also increased differently. Peak angle and ROM in the sagittal plane both significantly increased in the knee. The action of the knee joint and the motion of the hip joint during lunging are very similar. Greater knee flexion and forward trunk movement as a result of tiredness can also be used to explain increased hip flexion (Lin et al., 2015). The upper trunk’s swing is enhanced by fatigue, and limb movements are necessarily less effective as maintaining the trunk becomes difficult. Similar findings were made by Weeks et al. (2015) who hypothesized that fatigue increases hip flexion, pelvic tilt, inclination, and rotation as well as trunk flexion and lateral rotation. As a result of fatigue, fatigue causes the trunk and pelvis ROM become greater. The position of the body’s center of mass and the subsequent loading of the lower limb joints may be dramatically altered by the trunk because of its greater relative mass (Park et al., 2021). The peak knee joint angle and ROM increased significantly after the fatigue protocol compared to pre-fatigue in the sagittal plane. This shows that when we are exhausted or when the intensity of the exercise builds up over time, the knee joint tends to move farther forward from a vertical ground position. According to Zellmer et al. (2019), increased knee flexion may also increase the knee’s tendency to move farther forward. And he also finds, peak knee joint stress, quadriceps force, knee moment, and knee flexion are higher when the knee is brought in front of the toes during the lunge. Less stretching force is placed on the patellar tendon when the knee is kept behind the toes (Escamilla et al., 2008). The plantar flexor and foot muscles involved more to take transfer the additional stress required to maintain the joint output when the hip and knee muscles are working less efficiently due to the fatigue effect. In the horizontal plane, the knee joint found a considerable shift as well, showing an increase in peak angle and ROM. This outcome, in our opinion, may be a result of greater toe external rotation movement in the upright foot during landing and more forward movement of the knee. Because fatigue has been shown to lead to reduced control of the stabilizing muscles in the hip and knee joints, resulting in altered joint kinematics (Webster et al., 2012). Different degrees of knee flexion may result in different levels of sports performance and joint impact forces. Athletes with knee injuries increase knee flexion during the lunge to reduce the impact of landing on the joint and increase their dynamic stability center of mass by reducing their knee height (Huang et al., 2014). And Huang et al. (2014) noted that to reduce the likelihood of damage, athletes may flex their knees more and conduct less physically demanding activities. This may be a neuromuscular protective mechanism. If athletes want to improve performance, adding greater weights is the most popular and important method of resistance training (Comfort et al., 2015). In addition, the increased external weight causes more mechanical work to be done at the hip and ankle joints (Riemann et al., 2012), muscle activation was significantly higher in the weight-bearing condition than in the self-weight condition.
While joint ROM did not vary significantly in the ankle joint, the peak angle did, with the maximum joint angle falling by almost 7.49° and the minimal angle increasing by 7.74°. This indicates that following fatigue, the ankle joint is more likely to be at a more plantarflexed position before landing. According to previous study, a considerable 10° increase in ankle plantarflexion increases the risk of injury owing to calf muscle fatigue and foot overuse and may also produce fatigue and injury to the Achilles tendon and anterior heel ligaments (Mei et al., 2017). Participants showed reduced dorsiflexion, possibly as a result of fatigue, leading to an insufficient dorsiflexion muscular force generation and relatively high plantarflexion muscle force. Additionally, the vGRF can also be used as a measure for resistance training, which can be used to improve performance, reduce injury risk, and increase strength (Dempster et al., 2021). According to our finding, peak vGRF falls down after fatigue, and peak contact reduces down to around 0.49 N/kg. A larger portion of the heel contact the ground and a better transmission of forces across the ankle muscles when the heel touches the ground are made possible by higher ankle plantarflexion, which can possibly reduce the risk of injury.
In terms of joint moment, the peak hip moment increased significantly in the sagittal plane and horizontal plane, while at the knee joint it decreased in the sagittal plane and increased in the horizontal plane. The ankle joint showed a significant reduction in the moment. According to previous research (Kovács et al., 2023), an increase in moment at the hip joint was linked to a change in kinematics, including an increase in flexion angle brought on by forward body lean. Fatigue reduces the activation of the vastus lateralis muscles during the lunge and the knee moment in the upright leg during the lunge. The quadriceps, hamstrings, and gastrocnemius are the primary tibiofemoral joint motor muscles. These muscle groups make up nearly all of the cross-sectional area of the knee muscular tissue, or 98% (Wilson et al., 2008). The co-activation of the quadriceps and hamstrings, as well as the activation of the biceps femoris and rectus femoris, were unaffected by fatigue. When becoming fatigued, lateral femoral muscle activation may decrease and hamstring co-activation may rise. This strategy may be intended to reduce knee flexion by increasing resistance to diagonal joint motion because co-activation between the lateral femoral and biceps femoris muscles has a tendency to increase after fatigue (Longpré et al., 2015). (Longpré et al., 2015) speculated that a significant decrease in knee moments may result from the vastus lateralis and biceps femoris muscles’ ability to cooperate more when they are subjected to fatigued. An increase in plantarflexion and a decrease in the dorsiflexor muscles’ force may be responsible for the drop in ankle net moments. Du’s reported Du and Fan (2020)
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The difference in distance reached by D and ND leg in posteromedial direction (cm) 6 5 % -333
The distance reached by D leg in posterolateral direction (cm) 97 100 102 52
The distance reached by ND leg in posterolateral direction (cm) 102 107 106.5 44
The difference in distance reached by D and ND leg in posterolateral direction (cm) 5 7 48 -10
Composite score of the D leg symmetry (%) [T 100 103.09 48
Composite score of the ND leg symmetry (%) 109.47 11029 11276 30
Parameters of balance and postural coordination measured by IMOOVE system”
Supports stability (pts) 100 100 88 -12
Supports distribution left and right (%) 50 50 49 -1
50 50 51 +1
Trunk stability (pts) 62 77 78 +16
Trunk distribution left and right (%) 58 49 52 -6
42 51 48 +6
Postural coordination (pts) 35 34 43 +8
Postural strategy index 7.6 82 8.1 +79

T0-baseline, T1-after the 1* year of training, T2-after the 2™ year of training, D-dominant, ND, non-dominant.
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Muscle strength and power parameters % Changes

T2 vs. TO

Parameters of a squat jump

Height of the jump (cm) | 247 233 239 | =32
Power (W/kg) 1115 1101 1113 -02
Parameters of a countermovement jump
Height of the jump (cm) 257 234 250 -27
Power (W/kg) 1152 1079 1120 -28
Parameters of a countermovement jump with arm swing
Height of the jump (cm) 302 292 292 -33
Power (W/kg) 1247 1280 1262 12
Parameters of a 60 s test of repeated jumps
Fatigue index (%) | 2 27 2 -47.6
Post-exercise blood lactate (mmol/L) 368 | 505 435 182
Parameters of knee flexor/extensor strength measured by Biodex Isokinetic Dynamometer”
Mean power during D and ND leg extension at 60°/s (W) | 607 734 748 232
829 [ 0.1 780 -59
Mean power during D and ND leg flexion at 607s (W) 545 608 556 20
600 0.1 595 -140
Mean power during D and ND leg extension at 1807s (W) 1203 1208 1425 185
| 1370 [ 1257 1437 49
Mean power during D and ND leg flexion at 1807s (W) 107.7 1011 943 | -124
103.0 982 909 -117
Mean power during D and ND leg extension at 300°/s (W) [ 1184 113 1519 -6.0
1376 1247 1589 155
Mean power during D and ND leg flexion at 3007s (W) | 934 780 998 69
9438 845 945 | -03
Total work during D and ND leg extension at 60"s () 577.1 686.0 692.8 200
777.6 I 698.1 -102
Total work during D and ND leg flexion at 60/s (]) 5014 563.1 5128 23
5814 5782 4551 -217
Total work during D and ND leg extension at 1807s () | 8617 8795 961.6 116
10014  ms 10363 35
Total work during D and ND leg flexion at 180°/s () ‘ 768.0 7656 674.1 [ -122
[ 8156 7825 [ 686.2 | -159
Total work during D and ND leg extension at 3007s () [ 8593 855.1 10832 | 26.1
| 10195 Y 12235 200
Total work during D and ND leg flexion at 3007/s (]) 7204 662.7 7814 85
800.0 7479 7825 -22
Peak torque/body weight ratio during D and ND leg extension at 60°/s 1588 1789 1984 249
2085 e 2095 05
Peak torque/body weight ratio during D and ND leg flexion at 60°/s [ 1329 Bis 1352 | 17
T 1435 1332 [ 173 | -18.3
Peak torque/body weight ratio during D and ND leg extension at 180°/s | 1247 1248 139.1 115
147.7 1439 147.1 -04
Peak torque/body weight ratio during D and ND leg flexion at 1807s 1040 993 911 -124
[ 1048 10238 89.7 [ -14.4
Peak torque/body weight ratio during D and ND leg extension at 3007/s | 1033 935 | 1055 21
1082 | 1074 115.1 64
Peak torque/body weight ratio during D and ND leg flexion at 3007s [ 783 762 | 825 [ 54
856 790 832 [ -28

T0-baseline, T1-after the 1* year of training, T2-after the 2™ year of training, D-dominant, ND, non-dominant.
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MMA TRD
TRD 1.00
1Ry 0.87*
TRdiff 034
TRDrel 0947
RNl 059
IRD 0.89%
7 IRDrel 0.80
ERD 0.88*
ERDrel 075

IRD:ERD 022

TRN TR

1.00

-0.16 1.00
095% 004
072 ~0.34
0.84% 019
081% -0.02
092* 008
0.88* -0.17
003 021

TRDrel

1.00
076

0.81

079

0.87¢

0.83°

0.07

TRNrel

1.00
052
075
0.64
0.87*

-0.06

1.00

093

0.92%

077

0.44

IRDrel ERD RDrel IRD_ERD
| 1.00

0.87* 1.00

0.87* 0.91% 1.00

042 0.06 -0.08 1.00

Note: TRD, trunk rotational strength for dominant side; TRN, trunk rotational strength for non-dominant side; TRDrel, trunk rotational strength to body weight for dominant side; TRNrel,
trunk rotational strength normalized to body weight for non-dominant side; TRif, trunk rotational strength asymmetry between dominant and non-dominant side; IRD, shoulder internal
rotational strength for dominant limb; ERD, shoulder external rotational strength for dominant limb; IRDrel, shoulder internal rotational strength to body weight for dominant side; ERDrel,
il rotabon srsnpth isaialEoad b by vkt e doniaait wds TRD: ERD, dhsuldir st steno xic batwoah sontial and sl romson, "5 208, e 0%
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TRD

TRD 1.00
TRN 0.74%
TRAiff -030
TRDrel 0.88*
TRl 081%
IRD -0.02

V IRDrel 0.08
ERD -0.01

ERDrel 0.02

IRD:ERD 0.00

TRN

1.00
0.09

054

0.88*

049

051

038

022

023

TRdiff

1.00
-046
-0.18
0.63*
045
0.09
-0.23

053

TRDrel

1.00
083

-026

002

-0.09

0.19

-020

TRNrel

1.00
018
040
026
037

001

1.00

0.89°

035

-002

077+

IRDrel RD Drel IRD_ERD
1.00

037 1.00

020 086" 1.00

067 -0.32 -0.59 1.00

Note: TRD, trunk rotational strength for dominant side; TRN, trunk rotational strength for non-dominant side; TRDrel, trunk rotational strength to body weight for dominant side; TRNrel,
trunk rotational strength normalized to body weight for non-dominant side; TRAiff, trunk rotational strength asymmetry between dominant and non-dominant side; IRD, shoulder internal
rotational strength for dominant limb; ERD, shoulder external rotational strength for dominant limb; IRDrel, shoulder internal rotational strength to body weight for dominant side; ERDrel,
shoulder rotational strength normalized to body weight for dominant side; IRD: ERD, shoulder rotational strength ratio between external and internal rotation. **p < .01, *p < .05.






OPS/images/fphys-15-1371134/fphys-15-1371134-t006.jpg
Swimming TRD TRdiff TRDrel TRNrel IRDrel RD RDrel IRD_ERD
TRD 1.00
1Ry 088 1.00
TRdiff 005 -0.10 1.00
TRDrel 092 077+ ~0.07 1.00
RNl 079 088" ~0.26 | oma 1.00
IRD 0.68° 074 021 [ 064 0.66* 1.00
VIRDr:l 063 066* -0.26 | 065 0.67* 098 1.00
ERD [ 0.70° 082+ -0.24 | 069 071* 051 | 046 [ 1.00
ERDrel 0.60 0.69* -0.36 071% 0.74* 044 045 0.94* 1.00
IRD:ERD 031 037 022 026 083 081 0.00 -0.09 1.00

-0.07

Note: TRD, trunk rotational strength for dominant side; TRN, trunk rotational strength for non-dominant side; TRDrel, trunk rotational strength to body weight for dominant side; TRNrel,
trunk rotational strength normalized to body weight for non-dominant side; TRif, trunk rotational strength asymmetry between dominant and non-dominant side; IRD, shoulder internal
rotational strength for dominant limb; ERD, shoulder external rotational strength for dominant limb; IRDrel, shoulder internal rotational strength to body weight for dominant side; ERDrel,
il otaBon sisspth isaialEoad b bady vt S doniaait wde IRD: ERD, dhsuldir st il stenos cxic batwoah sontial and sl fomson. "5 208, M 0%
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Baseball TRD

TRD 1.00

TRy | 0.94%
TRAiff -0.06
TRDrel 077*

TRl 0.88*
IRD 059

V IRDrel 038
ERD 0.81%
ERDrel 061%
IRD:ERD 0.13

TRdiff

1.00

0.18 )
0.64% -015
0.84% -003
0.66% 052
0.40 045
0.80* -018
054 -041
017 0.67%

TRDrel

1.00

0.86*

048

053

0.49

058

025

TRNrel

1.00

0.40

0.28

057

047

0.06

1.00

091%

052

036

078*

IRDrel ERD

Drel

1.00

029 1.00

031 0.88* 1.00

0.86** -0.12 -020 1.00

Note: TRD, trunk rotational strength for dominant side; TRN, trunk rotational strength for non-dominant side; TRDrel, trunk rotational strength to body weight for dominant side; TRNrel,
trunk rotational strength normalized to body weight for non-dominant side; TRAiff, trunk rotational strength asymmetry between dominant and non-dominant side; IRD, shoulder internal
rotational strength for dominant limb; ERD, shoulder external rotational strength for dominant limb; IRDrel, shoulder internal rotational strength to body weight for dominant side; ERDrel,
shoulder rotational strength normalized to body weight for dominant side; IRD: ERD, shoulder rotational strength ratio between external and internal rotation. **p < .01, *p < .05.
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Mean Std. Deviation Std. Error 95% Cl for mean

Lower boun Upper bound
TRD (kg) Baseball 2364 480 [ 145 2041 2686 046 071
MMA w 659 269 17.26 | 3108
Swimming 2209 270 081 2028 2390
Tennis ni% 370 111 19.88 2485
7 TRN (kg) Baseball 2473 i 496 | 1.50 | 2139 i 28.06 144 025
MMA ne 423 [ 173 1823 [ 27.10
Swimming 2155 225 068 2003 23.06
Tennis ny 413 124 21.50 | 27.04
TRAfF (%) Baseball 636 375 113 385 888 162 020
MMA Cem 833 340 109 [ 1857
Swimming | 512 3.09 093 | 304 7.20
Tennis o | 775 234 ‘ 452 [ 1493
TRDrel (%BW) | Baseball 28.06 433 131 2515 3097 022 089
MMA w0 | 660 270 22,07 | 3593
Swimming 27.15 292 088 2519 20.11
Tennis 27.64 530 160 24.08 3119
TRNrel (%BW) | Baseball wo | 318 096 2647 3074 155 022
MMA 0 | 424 173 2455 [ 3345
Swimming 2654 260 078 24.79 2829
Tennis 30,09 530 160 26.53 3365

Note: TRD, trunk rotational strength for dominant side; TRN, trunk rotational strength for non-dominant side; TRD,, trunk rotational strength to body weight for dominant side; TN,
sk moesbional snength oocimalied to body weit o ton-detioal sl TRATE tak rotitonil el soniametiy Gotwet dominant s tod-domini s
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Mean

Std. Deviation

Std. Error

95% Cl for mean

Lower bound

Upper bound

IRD (N) Baseball 153.59 47.43 14.30 121.73 18545 051 0.68
MMA 172.79 43.14 17.61 127.52 218.06
Swimming 169.66 4233 1276 14122 198.10
Tenis 174.22 3961 1194 147.61 200.83

7 IRDrel (%BW) Baseball 1.80 048 0.14 148 212 125 031
MMA 214 043 017 1.69 258
Swimming 2.09 051 015 174 243
Tenis 212 037 011 1.87 237

ERD (N) Baseball 161.48 36.90 113 136.69 18627 051 0.68
MMA 171.04 38.69 1579 130.44 21164
Swimming 163.11 2202 6.64 148.32 177.90
Tenis 152.93 2359 7.1 137.08 168.78

ERDrel (%BW) | Baseball 1.89 028 0.09 170 208 110 036
MMA 212 0.40 0.16 170 254
Swimming 201 025 007 1.84 217
Tenis 1.88 030 0.09 167 208

IRD:ERD Baseball 0.96 024 007 0.79 112 140 026
| MMA 101 0.10 0.04 0.91 111
Swimming 1.05 022 007 0.90 119
Tenis L15 025 0.08 0.98 132

Note: IRD, shoulder internal rotational strength for dominant limb; ERD, shoulder external rotational strength for dominant limb; IRDy, shoulder internal rotational strength to body weight
S Botininit dtle BRD. & shiolier votitioral sivecpti nomiked 15 hody weidht Tov duaaii el TRD- BRI diilie: iobmionil wicaeth tits Datwesc sideial aid intbcoal rotition.
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Post-test Percentage of change (%)

Real-time quantitative feedback group 5125 £ 9.56 5625 + 932 9.76 0.001 0529
Verbal encouragement group 47.08 £ 4.50 5250 £ 452 1151 0.001 1.201
Without stimulus group 4458 £ 8.94 4625 +7.45 375 0.166

Control group 4292 % 1102 4292 +9.02 0 1.000
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Whole Real-time quantitative Verbal encouragement Without

group feedback group group (n = 12) stimulus group

(n =48 (n=12) (n=12)
Age (y) 2052 £ 284 2283 %420 20,67 £ 2.06 1883 + 094 1975 + 148 0.003
Height (cm) 174.63 + 6.70 17542 + 667 17508 + 665 17608 + 565 17192 £ 7.73 0442
Body 80.08 £ 19.96 8223+ 18.96 8124 £ 1894 86,67 £ 2367 7018 = 16.22 0220
mass (kg)
BMI (kgm?) | 2616 £ 596 2658 £ 5.18 2652+ 6.14 27.90 + 7.43 23,64+ 4.64 0362
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Wingate test parameters % Changes

T2 vs. TO
‘ Maximal power (W) 592.18 565.67 616.39 4.1
\‘ Maximal power (W/kg) 1021 9.46 1031 1.0
‘ Mean power (W) 444.50 44098 [ 444.05 =0.1
‘ Mean power (Wikg) 766 737 743 30
" Fatigue index (%) [ 4251 | 4441 [ 1882 | 148
‘ Post-exercise blood lactate (mmol/L) [ 9.61 924 | 10.04 45

TO-baseline, T1-after the 1* year of training, T2-after the 2° year of training.
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| group Experimental group Interaction Post hoc bonferroni
Time*Group test
Initial testing ~ Final testing  Initial testing  Final testing
X £5D X -ESD) X £SD X 5D P Partial n2  Comparison
Sprint 5 m (s) 1.27 £ 0.05 1.27 £ 0.09 127 + 007 1.19 + 0.06 78 0.01 02 CG > EG 0.01
Sprint 10 m (s) 212 £0.09 212012 214 £01 207 £ 0.1 576 | 002 015 CG > EG 023
Sprint 20 m (s) 371£0.15 3.63 £ 024 379 £021 368 +0.21 o o7 0.00 - -
CODS 4 x 10 yards (s) 1062 £ 0.63 1046 + 0.49 1064 £ 0.55 1029 £ 0.45 15 02| oo - -
CODS 20 yards (s) 565 +0.29 56+ 028 562 +035 546 +025 226 014 oo - -
CODS st (s) 1222 £ 064 1187 £ 0.63 1214 £08 1156 £ 0.69 328 0.08 0.09 - -
Long jump (cm) 16285 + 16.48 165.2 % 1695 15555 + 18.18 s 30 000 051 G<EG | 0x6
Triple jump_L (cm) 45976 + 57.44 46293 £ 517 4273546532 | 46104£6614 | 151 | 0.00 032 CG < EG 0925
Triple jump_R (cm) AT £5626 | ASI20E006 | ARG E663 | A7L14:6s2 | 2831 000 047 CG < EG 035
CMJ (em) 233 £337 23.58 +3.34 2156 + 331 2441£357 | 2896 0.00 048 CG < EG 048
S (cm) 231 £ 381 2331 £ 391 2148 £ 387 2361 £ 386 155 000 033 CG < EG 082
CMJ_L (em) 1152 £ 157 1173 £ 152 1079 £ 113 1297 £182 | 1737 | 0.00 035 CG < EG 004
CMJ_R (cm) 1154 £ 111 1137 £ 137 1121 £ 171 Bosa | 23 000 041 CG < EG 001
TENCODS (s) 321017 318 £ 0.5 323 +0.16 304 £0.11 265 | 0.00 045 CG > EG 001
TENRAG (5) 338 £0.19 334019 336 +0.13 316 +0.17 1908 | 0.00 037 CG > EG 001

Legend: CMJ (cm)—countermovement jump with arms set on hips; 8] (cm)—squat jump; CMJ_L (cm)—single leg (left) countermovement jump with arms set on hips; CMJ_R (cm)—single leg

(right) countermovement jump with arms set on hips; TENCODS (s)—change of direction speed test; TENRAG (s)—reactive agility test; *—significant interaction (p < 0.05).
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Calendar age Maturity Body Total GIH Training

offset mass score volume
Body mass (kg) 0.075 0.090 0.102 0.091 0136 0028
Body fat (%) 0.093 0111 0082 0.044 0072 0053
Sub-max hop 2.0 Hz (kN/m) 0010 | 0011 0031 0010 0017 0154
Sub-max hop 2.2 Hz (kN/m) 0.003 0.008 ™ 0.091 0.002 0.095
Sub-max hop 2.5 Hz right 0015 0.022 0.004 0314 0.001 0.001
(kN/m)
Sub-max hop 2.5 Hz left (kN/m) 0.005 | 0.002 0016 0193 0009 0.000
Sub-max hop 3.0 Hz right 0.090 0.084 0114 0170 0011 0.000
(KN/m)
Sub-max hop 3.0 Hz left (kN/m) [ 0.000 | 0.000 | 0.002 C ows 0.005 | 0.000
Broad jump (cm) 0.002 0.003 0.000 0.002 0073 0114
Broad hop right (cm) [ 0.031 | 0.035 0013 0.034 0187 0093
broad hop left (cm) 0.001 i 0.003 o oo 0.156 0 0077
‘Triple broad jump (cm) 0.009 | 0.006 0.006 0.003 0.104 0018
Triple broad hop right (cm) 0.032 0.016 0.000 0.006 0210 0.160
‘Triple broad hop left (cm) 0.008 | 0.006 | 0.000 0.008 0226 0077
Reactive strength index (m/s) 0.058 0.044 0025 0022 0122 0005

GJH, generalized joint hypermobility; Sub-max, sub-maximal; Hz, Hertz.
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Variable

Inte

group

Control group

Difference in vari;

Sprint 5:m (s) 0.003 [0.001; 0.005] 0.009 [0.003; 0.015] ~0.006
Sprint 10 m (s) 0.004 [0.002; 0.006] 001 [0.004; 0.016] ~0.006
Sprint 20 m (s) 0.005 [0.001; 0.009] 0.045 [0.014; 0.076] ~0.040
CODS 4 x 10 yards (s) 0.109 [0.031; 0.187) 0.153 [0.049; 0.257) ~0.044
i CODS 20 yards (s) 0.028 [0.008; 0.048] 0.047 [0.012; 0.082] -0.019
CODS st (s) 0.131 [0.035; 0.227] 0.094 [0.023; 0.165] 0.037
Long jump (cm) 99.085 [34.236; 163.934] 37.726 [13.455; 61997) 61359
Triple jump_L (cm) 779.875 [212.82; 1346.93] 242,289 (87.394; 397.184] 537.586
Triple jump_R (cm) 322.594 (122.892; 522.296] 387.5 [164.476; 610.524] ~64.906
CMJ (em) 3.825 [1.542; 6.108] 0.789 (0.266; 1.312] 3.036

S (cm) 3292 (0.587; 5.997) 1015 (0325 1.705] 2277
CMJ_L (cm) 2.855 [0.985; 4.725] 098 (0.27; 1.69] 1.875
CMJ_R (cm) 2316 (0.85; 3.782] 1168 [0.37; 1.966] 1148
TENCODS (s) 0.009 [0.003; 0.015] 0.007 0.001; 0.013] 0.002
TENRAG (s) 0,015 [0.005; 0.025] 0.005 [0.001; 0.009] 0.010

Legend: CMJ (cm)—countermovement jump with arms set on hips; S] (cm)—squat jump; CMJ_L (cm)—single leg (Ieft) countermovement jump with arms set on hips; CMJ_R (cm)—singleleg
TENOODS (8)—changs of direction speed Seit TENRAG (s)-~ronctivs Aty teet.

t) countermovement jump with arms set on hi
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Training week Exercise Sets x reps Pause (s)
1 Plank 3%30s 30-60/90-120
Leg raises 3x10 30-60/90-120
Squat jumps 3x10 30-60/90-120
Push-ups 3% 10 30-60/90-120
2 Countermovement jump 3%6 30-60/90-120
Hurdle hops forward (20-30 cm) 3%6 30-60/90-120
Sprint 20 m 4x1 30-60/90-120
Sprint 40 m 4x1 30-60/90-120
3 Plank 3x30s 15-30/90
Lunges: 3 sets X 10 reps (each leg) 3 x 10 (each leg) 15-30/90
High knees 3x20s 15-30/90
Russian twists 3 % 10 (each side) 15-30/90
4 Squats 3x8 30-60/90-120
Assisted pull ups 3%6 30-60/90-120
Dumbbell bicep curls 3x10 30-60/90-120
Bicycle crunches 3 % 15 (each side) 30-60/90-120
] Agility ladder drills 3x10 30-60/90-120
Shuttle runs 3x4 30-60/90-120
Vertical jumps 3x4 30-60/90-120
Medicine ball slams 3x8 30-60/90-120
6 Plank 3%30s 15-30/90
Mountain climbers 3x10 15-30/90
Box jumps 3x4 15-30/90
Tricep dips 3x8 15-30/90
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Authors

Ahmed et al.
(2022)

Participants

Male professional badminton players
(21.19 + 195 years, n = 36)

Core strength test

Core stability-the pressure of activating core muscles
during lower limb movement in mmkHg)

CODS test

E

Agility t-test Core stability and Agility
ttest (r = ~0.579, p <

0.001)

de Bruin et al.

Female university athletes (n = 83)

Core strength - Biering-Sorensen test-IBE, LF, AF-

Agility r-test Core strength and Agility

(2021) explosive power output of maximum volunteered ttest
contraction in Newtons
Core endurance - Biering-Sorensen test-IBE, LF, IBE (r = -0.44, p < 0.01)
AF-duration in seconds
Core neuromuscular control (NMC)-the changes in LF (r = -039, p < 0.01)
pressure of activating core muscles during low-load limb.
movement AF (r = -0.44, p < 001
Core endurance and Agility
test
IBE (r = 0.10, p = 0.37)
LF (r = -0.06, p = 0.59)
AF (r = ~0.18, p = 0.10)
NMC and Agility t-test
(r=-012,p=027)
Cengizhan et al. | Male professional basketball players Core endurance-McGill tests (trunk flexor test, trunk Hexagonal Core endurance and HOT
(2019) (17.0 £ 0.63 years, n = 21) extensor test, side bridge test in seconds) Obstacle
Test (HOT) Trunk flexor (r = 0.288, p =
0.320)
Trunk extensor (r = ~0.166,
p=0472)
Side bridge (r = ~0.265,p =
0.245)
Imai and High school soccer players (163 £ Core endurance-prone and side plunk tests in seconds ~ The Step 50 agility | Core endurance and the

Kaneoka (2016)

Nesser et al.
(2008)

0.5 years, n = 55)

Male National Collegiate Athletic
Association Division I football players
(n=29)

Core endurance tests-McGill (trunk flexor test, trunk
extensor test, left and right lateral musculature test in
seconds)

IBE. isometric back extension: LF. lateral flexion: AF. abdominal flexion.

test Step 50 Agility test

Prone plank (r = ~0436,
P <001)

Right side plank
(r=-0222,ns)

Left side plank
(r = -0.088, n.s.)

Combined score
(r = -0365, p < 001)

Core endurance and Pro-
Agility Shuttle Run

Pro-Agility
Shuttle Run

Trunk flexion (r = ~0.443,
P <005)

Trunk extensor
(r = -0.356, n.s.)

Right flexion
(r=-0354, ns.)

Left flexion (r = -0.374,
p < 005)

Total score (r = ~0.551,
P <001)
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Training week Exercise Sets x reps Pause (s)
1 Ankle cone hops 3% 10 15-30/90
Ankle cone hops side to side 3x10 15-30/90
Countermovement jumps 4x5 15-30/90
Broad jumps 4x5 15-30/90
2 1-leg ankle hops forward 3% 10 30-60/90-120
Countermovement jumps 3x8 30-60/90-120
Continious broad jumps 3x2x3 30-60/90-120
Lateral bounds + stick 3x%6 30-60/90-120
2-1 Hurdle hops forward (20-30 cm) 3% 10 30-60/90-120
3 1-leg ankle hops lateral 3% 10 30-60/90-120
Countermovement jump 3% 10 30-60/90-120
12 broad jumps 3x4 30-60/90-120
Zig zag bounds + stick 3x8 30-60/90-120
2-1 Hurdle hops lateral (20-30 cm) 3% 10 30-60/90-120
4 I-leg square ankle hops 3x8 30-60/90-120
1-leg Countermovement jump 3x5 30-60/90-120
Continious broad jumps 3x3x3 30-60/90-120
Lateral bounds (1-1-stick) 3x8 30-60/90-120
2-1 Multidirectional hurdle hops 3x10 30-60/90-120
5 I-leg square ankle hops 3x12 30-60/90-120
1-leg Countermovement jump 3x5 30-60/90-120
122 Broad jumps 3x8 30-60/90-120
Zig zag bounds (1-1-stick) 3% 10 30-60/90-120
2-1 Multidirectional hurdle hop 3x10 30-60/90-120
6 Ankle cone hops 3% 10 15-30/90
Ankle cone hops side to side 3x10 15-30/90
Countermovement jump Broad jumps 4x5 15-30/90
Broad jumps 4x5 15-30/90
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Participants

Duration of core
strength
program

Frequency of trainings
and type of core
exercises

Afyon et al. (2017) Amateur soccer players 8 weeks Tllinois Agility EG: 2 x 30 min/week Significant improvement in
Test both CODS tests performance
in, EG (t = 0.172, p < 0001,
Experimental group (EG) T-Dril Agility | Exercises: jump squat, altemate | and t = 0.136, p < 0.001)
(23.17 £ 1.86 years; n = 20) Test leg jump, squat, crunch, lying
twist trunk, lunge, side plank,
burpee, mountain climber, twist
with medicine ball + normal
soccer training
Control group (CG) (22.03 + CG-normal soccer training
0.50, n = 20)
Aslan and Kahraman | Young male soccer players 6 weeks Illinois Agility | EG: 3x/week, 30-45s application | Significant improvement in
(2023) Test time vs. 45-60s rest, 2 series | CODS in, EG (t = 8.520, p <
0.001)
Experimental group (EG) - Exercises: prone plank, side
1216 £ 0.83 years, n = 12 bridge, scissor flutter kick, sit up,
superman, bird dog, bicycle
crunch, leg lower + soccer team
training
Control group (CG) (12.25 + CG: soccer team training
0.62 years, n = 12)
Adi (2021) 18-24 years old amateur 6 weeks Tllinois Agility | EG: 3 x 15 min/week; Exercises: | Significant improvement in
football players Test 10 - one side plank, elbow plank, | CODS in, EG (t = ~3.86,
hip extension, mountain p=001)
climbers, scissors kicks, etc) in
2 series with 20-35s duration +
ongoing football training
Experimental (EG) and CG: ongoing football training
control group (CG) (n =20 in
each group)
Bayrakdar et al. (2020) | 12-14-years football players 9 weeks 505 Agility | SEG + DEG: 2x/week; 6 exercises | Significant improvement in
both CODS testsperformance
Static (SEG) and Dynamic Test SEG: side plank, shoulder bridge, | in both experimental groups
(DEG) exercise group and plank, static crunch, leg lift, back | (SEG by 1.05% and 0.46%,
control group (CG) extension + normal football | respectively, p < 0.05, DEG by
training 2.84%, and 1.62%,
respectively, p < 0.05)
(n = 10 in each group) Arrowhead DEG: balance ball with pocket
Knife, reverse crunch, russian
return, shuttle, leg
Agility Test lift, back extension + normal
football training
CG: normal football training
Brull-Maria and 16-18 years old soccer players 8 weeks V-cut SCG + GCS: 2 x 20 min/week; | Significant improvement in
Beltran-Garrido. (2021) 10 rep. of a 10-s duration with | CODS in both experimental
interval of rest 10s groups (d = 124, p < 0.001,
S 3.80%).No superiority of any
Specific core stability group SCC: unilateral skater squat with type of core training
(SCS) and general core elastic band, unilateral linear
stability group (GCS) sprint with elastic band, turn and
90° pivot shift with elastic band,
lateral lunge with elastic band
and their progressions + usual
soccer training
(n =7 in each group) GCG: frontal bridge, dorsal
bridge, bird-dog, lateral bridge
and their progressions + usual
soccer training
Tmai et al. (2014) 16 years old soccer players 12 weeks Step 50 SE: 3x/week; 40-60s, 2-4 sets Nonsignificant
improvements in CODS in
Stabilization exercises (SE) SE-planks, bridges, quadrupet both groups (SE-p =
(n = 10), conventional trunk exercises 0.212, -1.3%, ES = 055,
exercises (CE) (n = 9) CE-p = 0.309, -0.9%,
CE-sit-ups, back extension ES = 038)
Prieske et al. (2016) | Elite soccer players (n = 39) 9 weeks T- Agility Test | CSTS + CSTU: 2-3x30 mins/ | Nonsignificant improvement
week in CODS in both groups
(CSTS - -0.2%, CSTU-0.6%)
Core-strengthening exercises 5 exercises were changed every
under stable (CSTS) and 2 weeks; 15-20s (isometric
unstable surface (CSTU) conditions) or
15-20 rep. (dynamic condition)
in 2-3 sets; exercises: prone
plank, shoulder bridge, crunches,
back extension, side bridgesetc.
CSTS-all exercises on stable
surface (floor, bench)
CSTU-all exercises on unstable
surfaces + regular in-season
soccer strength training in both
groups
Sever and Zorba (2018) | Semiprofessional soccer 8 weeks 505 Agility Test | SG + DG: 3 x 30 min s/week; Nonsignificant
players 25-60s in 2 series; 25-45 rep. in | improvements in CODS in
2 sets both experimental groups
(SG - ~1.11%, and ~0.7%,
Static group (SG) - 182 + Arrowhead | SG-side plank, shoulder bridge, | respectively, DG - ~1.70%,
1.8 years (n = 14) Agility Test | crunch, leg raise, back extension | and ~0.73%, respectively)
+ normal soccer training
Dynamic group (DG) ~17.3 £ DG-swiss ball jackknife, reverse
0.6 years (n = 13) crunch, Russian twist, leg raise,
back extension + normal soccer
training
Control group (CG) - 17.7 + CG-normal soccer training
1.3 years (n = 11)
Yapici (2016) Amateur soccer players 6 weeks ZigZag Agllty | EG: 3x/week; 15 s with rest | Significant improvement in

Experimental group (EG) -
13.75 + 0.46 years; (n = 16)

Control group (CG) - 1371 +
0.34 years (n = 16)

Test interval of 60s in 2-3 sets

Exercises: plank, side plank,
crunch, bird dog, shoulder
bridge, ball abductor crunch,
squat, lunge + football training

CG-football training

CODS in both groups
(EG-Z = -2.38, p = 0.02,
CG-Z=-252, p = 001)
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Variable Mean + SD P
Chronological age (years) 138+ 12 0.40
Maturity offset (years) 17408 015
Mirwald APHV (years) 121£ 06 027
Standing height (cm) 1654 % 6.8 0.013
Seated height (cm) 84.5+33 0.22
Leg length (cm) 810 £ 438 036
Body mass (kg) 58.1%96 020
7 Body fat (%) 243+58 0.56
Total GJH score 3521 0.20
Attended sessions 1B8£12 0.014
Training volume (km) 620 = 1.00 0.16

SD, standard deviation; p, statistical

tifieacs ol SHapice Wik Rocrlit et KEEEV, ae b ol Resghit selocios GTH, onscikisd jait Barmobii.
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Post-test A = post-pre
Mean + SD Absolute (%)
Standing height (cm) 1654 % 68 1659 + 7.0 0.5 (0.3%) 034 0.001 007
Seated height (cm) 845£33 84733 0.2 (0.3%) 096 031 007
Leg length (cm) 810£48 812+ 50 0.2 (0.3%) 034 031 005
Body mass (kg) 58.1 %96 59.0 £ 10.1 1.0 (1.6%) 0.13 0.001 0.10
Body fat (%) 243458 242£59 0.1 (-0.4%) 040 068 -002
Sub-max hop 2.0 Hz (kN/m) 194+ 40 214 %49 20 (95%) 067 0021 050
Sub-max hop 2.2 Hz (kN/m) 232444 249 £ 48 16 (6.8%) 085 0.049 037
Sub-max hop 2.5 Hz right (kN/m) 19024 19527 05 (23%) 0032 028 019
Sub-max hop 2.5 Hz left (kN/m) 189£27 197 £30 0.9 (4.4%) 0.049 0032 032
Sub-max hop 3.0 Hz right (kN/m) 23740 254 %47 16 (6:8%) 035 0056 040
Sub-max hop 3.0 Hz left (kN/m) 241434 249 5 40 0.8 (3.0%) 051 011 023
Broad jump (cm) 192 21 187 £ 18 -5 (-2.4%) 084 0012 -023
Broad hop right (cm) 164 16 166 + 13 2 (16%) 080 028 015
Broad hop left (cm) 168 £ 17 170 £ 14 3(17%) 0024 022 015
Triple broad jump (cm) 579 % 58 569 + 53 10 (-1.6%) 034 013 -017
‘Triple broad hop right (cm) 493 £59 496 + 50 3(0.7%) 090 075 004
Triple broad hop left (cm) 491 %55 501 £ 60 10 (2.0%) >0.99 018 018
Reactive strength index (m/s) 103 £ 031 1042027 001 (20%) 084 0.6 004

S standend doviktion: P statistical senibcaiion of Shapico-Wilk nosmality tesk: b stitistical sionilscarise of paad peest: & Cohan's alfioct sive: Subins, silisnarisak Hx, Moot
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Calendar age Maturity Body Body mass Total GJH Training

offset heigh score volume
[(y)/year] [(y)/year] [(y)/cm] [(y)/kgl [(y)/point] [ly)/k
Body mass (kg) 1610 3153 0.184 0.054 0220 -0220
Body fat (%) 2218 -4338 0204 0.046 0.197 0376
sabamez hop 2.0 Hz (kN/m) -1932 3629 YV 0.060 0260 -1719
Sub-max hop 2.2 Hz (kN/m) 1142 [ -3.131 ™ o6 0092 -1337
Sub-max hop 2.5 Hz right 1216 2661 - 0171 ~0031 | 0065
(kN/m)
Sub-max hop 2.5 Hz left (kN/m) 0636 0710 -0.112 0.122 0086 0006
Sub-max hop 3.0 Hz right 5877 -10151 0.648 0.245 0211 0045
(kN/m)
Sub-max hop 3.0 Hz left (kN/m) 0135 1 ~0.114 | S0t o 0083 I 0025
Broad jump (cm) -1839 3973 0027 0064 1167 3253
Broad hop right (cm) -9.497 17881 ~0597 ~0300 -2337 3673
Broad hop left (cm) 1324 [ 5075 0,869 x5 ~1966 3067
‘Triple broad jump (cm) ~13.983 21429 ~1146 0249 -4893 4579
‘Triple broad hop right (cm) -34.424 44255 0213 0464 -8951 17375
“Triple broad hop left (cm) ~15.683 24076 0211 0494 -8531 | 11097
Reactive strength index (m/s) 0151 [ 0238 ™ oo | -0022 | 0010

CIHL pniinalized sl Tornamobibin: 53, wit of the depsindant vartbles Sulimis. sl il He: Hts
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Calendar age Maturity Body Total GIH Training

offset mass score volume

Body mass (kg) 018 015 012 014 0078 041
Body fat (%) 016 013 019 033 021 028
Sub-max hop 2.0 Hz (kN/m) 065 | 0.63 | 042 064 054 0082
Sub-max hop 2.2 Hz (kN/m) 079 | 0.68 0.89 | 019 083 018
Sub-max hop 2.5 Hz right 054 | 045 075 0010 088 088
(kN/m)

Sub-max hop 2.5 Hz left (kN/m) 074 | 084 | 0.56 0.050 066 099
Sub-max hop 3.0 Hz right ol 012 0077 0035 056 096
(KN/m)

Sub-max hop 3.0 Hz left (kN/m) [ 096 | 098 | 0.83 oo 074 | 096
Broad jump (cm) 085 082 0.98 083 025 015
Broad hop right (cm) [ 041 | 039 0.60 039 0057 017
Broad hop left (cm) 089 | 077 036 030 0056 017
‘Triple broad jump (cm) 070 | 074 0.74 082 019 | 057
Triple broad hop right (cm) 028 044 094 063 0012 0024
‘Triple broad hop left (cm) 067 | 072 | 0.95 066 [ 0034 | 019
Reactive strength index (m/s) 031 037 049 052 014 076

A cpnonaliied stk Typecmobilitn: Sili-mur sil»-maand He, Mis:
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Std. Deviation Std. Error

95% Cl for mean

Lower bound

Upper bound

Age (years) Baseball 2827" 555 167 2454 3200
| MMA 26.83 854 349 17.87 3580

Swimming 2146 | 254 077 19.75 2316

Tennis 2218° 3.60 1.09 19.76 24.60

BH (cm) ‘ Baseball 18445 6.89 208 179.83 189.08
MMA 183.17 436 178 178.60 187.74

Swimming 185.03 4.00 121 18234 187.71

Tennis s 6.86 207 18094 19015

BW (kg) Baseball 84.82 1025 309 77.93 9171
MMA s 711 290 73.09 88.01

Swimming 81.25 | 367 L1 78.79 8372

Tennis 81.83 748 225 76.80 86.85

Note: BH, body height; BW, body weight.
&6, Beaibirnal soe e Sait Chlinns Totter sncuid i ROt o wv sk iaiithe A wil sl
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Effect of HRW

A (95% CI)

CK (UL

A 155 + 49 156 +73 -1 (=33 1031) 092 -002
MS+5h 201 £ 65 210 £ 64 I -9 (~55 to 38) 069 -0.14

AS+12h 156 + 63 190 + 64 [ 34 (=66 to ~1) 0043 -053

AS+24h 155 + 54 175 + 66 [ 21 (-43t0 1) 0.064 | -030
7 VAS (mm) : 7 7

1A 23£10 2718 : 4 (-9t01) 013 -047

MS + 30 min 56+ 18 54417 2(7t011) 057 0.14
Ms+5h 45212 47+16 -3 (-8103) 1 033 -0.17

AS + 30 min 48+19 46217 2 (-5 10 10) 054 014

AS+12h Mz12 2 -7 (1510 0) 0045 -074

AS+24h 29£10 291+9 [ 0(-3t04) 078 [ 0.05

CMJ (cm)

A 303+ 54 304 £56 0.0 (09 to 0.8) 094 -001

MS + 30 min 288456 20159 -03 (1.0 t0 0.4) 040 -0.06

MS+5h 309 +56 304 £57 0.5 (=05 to 1.4) 029 012

AS + 30 min 307 £57 297 £56 10 (00 to 20) 0041 023

AS+12h 307 £55 20858 09 (0210 1.7) 0014 021

AS+24h 312+52 303 £59 09 (0.0 to 1.8) 0053 021

HRW, hydrogen-rich water; SD, standard deviations &, difference between hydrogen-rich water and placebo; CI, confidence interval; p,statistical significance of paired t-test; , Cohen’s d effect
size; CK, creatine kinase; VAS, visual analog scale used to assess muscle soreness; CMJ, countermovement jump height; IA, initial assessment; MS, the morning session; AS, the afternoon
———
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Sample size 8 4 |

Age (years) ‘ 215+ 50 | 189 £ 1.3 ‘ 0.72

Body height (cm) l 164 £ 6 [ 184 £9 ‘ 0.004
; Body mass (kg) ‘ 6247 78 %10 | 0012

BMI (kgm™) ‘ 28+12 | 23119 ‘ 0.81
I Body fat (%) [ 20£15 12.1 £ 4.6 ‘ 0.004

VO,max (mLkg"min™") ‘ 450+ 25 522%17 | 0.004

SD, standard deviation; p, statistical significance of the comparison between males and females (Mann-Whitney U test); BMI, body mass index; VO,max, maximal oxygen consumption.
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EXP group (n = 44) CON group (n = 43)

BH (cm) 1243 £ 6.6 (95% CI: 121.1-127.5) 1255 + 7.1 (95% CI: 1222-128.8) 0243
BW (k) 243 £ 3.7 (95% CI: 23.1-25.6) 249 + 4.1 (95% CI 23.7-26.1) 0312
BMI (kg/m?) 156 + 09 (95% CI: 15.3-15.9) 157 + 09 (95% CI: 15.4-16.0) 0635
Age (years) 85+ 0.5 (95% CI: 83-87) 86+ 0.5 (95% CI: 8.4-8.8) 0487

Ableoviatons B, body hal

BV body vl BN Rad ok il I soniaminr el OO, cantoak i diikies oF tatrsante Vikom 4 dofied & e & saoad &
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age category Age Height Body mass
Uiz 20 | 1212£043 | 15779 £849 | 4507 £7.68
Ul 20 | 1395£063 | 17043+ 986 | 5656 + 10.22
Ule 20 | 1589 £042 | 17886 779 | 6685 +7.38
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Variables

A9-3-6-3-9 931 £ 063 869 + 042 815 £ 049 | 0001; 115 0.005; 1.18 0.001; 2.06
ST 10.13 £ 0.89 9.06 + 0.67 828 £037 | 0.001; 1.36 0.002; 1.44 0.001; 2.71
5mSRT 168 +0.13 1.63 £ 0.11 152 £0.11 0.441; 0.42 0.013; 1.00 0.001; 1.33
10mSRT 256 £0.17 245+0.14 229 %011 I 0.081; 0.71 0.002; 1.27 0.001; 1.89
20mSRT [ 4122023 389 £0.17 356 £ 0.16 0.001; 114 0.001; 1.99 0.001; 2.82
[e%} 32,60 £ 4.13 3658 £ 4.77 4380 £ 4.52 | 0.020; 0:89 0.001; 1.56 0.001; 2,59
CMJmax 3831 %422 4437 £ 838 5254 % 4.29 0.006; 0.91 0.001; 1.22 0.001; 3.34
s 3107 £ 3.86 3540 £ 4.12 4171 £ 391 [ 0.003; 108 0.001; 1.57 0.001; 2.73
TF 46.65 + 6.89 56.20 £ 4.55 59.15 + 6.63 0.000; 1.64 0398 0.52 0.001; 1.85
BE 10530 £ 36.65 12035 + 41.57 11928 + 40.17 0.700; 0.38 1.000; 0. 0.803; 0.36

“Level of significance p < 0.05.
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Category Distance Intensity Technique progressions Reference

(m) (Eccentric load)

MDJLC 34 1020 2-Low Bilateral jump jump stick, Unilateral hop hop  Hewett et al. (1996)
stick.

MDAH 34 1020 3-Moderate Travelling forwards, backwards and laterally ~ Kong (2018); Lephart et al. (2005)
(Emphasize ankle dorsi-flexion)

Power skipping | 3-4 | 10-20 3-Moderate Skipping with thythm—Skipping for Faigenbaum et al. (2009)
‘height—Skipping for distance

Galloping 34 1020 3-Moderate Galloping with rhythm- Galloping for height-  Konukman et al. (2008)
Galloping for distance

Broad jumping | 4-6 | 10-15 2-Low Broad jump with reset—Two “pump” broad  McCormick et al. (2016); Delextrat et al.
jump with reset—Repeat broad jump (2015); Cochrane and Booker (2014)

Horizontal 5.6/ | 10-20 4/5-Mod/High Rhythm hops (100 bpm)—Hop over Witzke and Snow (2000); Lephart et al.

hopping leg cones—Hop for distance (2005)

Bounding 46 1520 5-Mod/High Diagonal bounding—Straight bounding Witzke and Snow (2000); Kong (2018);
(short)—Straight bounding (long) Hewett et al. (1996)

MDJLC, mul irectional ankle hops; Mod, moderate.

rectional jump landing combination; MDAH, mul
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Day Field-based training Match (min)

‘ MD + 1 Recovery’, top-up (60 min)" ‘

‘ MD -2 60 min ‘

‘ MD -1 60 min ‘

‘ MD 20 min® ‘ %0

‘ MD + 1 Recovery", top-up (60 min)* 30 min® ‘

‘ MD - 1 60 min ‘

‘ MD 20 min® ‘ 90

MD, match day.

“Recovery and gym session for players who played for more than 45 min.
"Field-based session includes players who either did not appear in line-
e pesiiinbill shstan vl the i ay s U palatiestion el

or played less than 45 min.
o el
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Variable Mean + SD 95% CI Range
MA_FD* 103 115 0.56-1.50 364 odehk
HIPS_ROM® 456 +3.41 3.15-5.97 1190 ok
PS_COP* 1554 £ 976 1151-19.57 37.68 abdefghijl
ISOK_QQ" 817 £7.24 5.18-1116 26.60 ac
ISOK_HH® 876 + 629 616-11.36 2290 ac
NB_ECC' 404 + 489 203-607 2388 ok
FE_ADD* 632+ 456 444-820 1615 ok
CMJFA" 403 £3.35 265-541 1182 ok
7 eVl 7 898 +8.83 | 5331263 33.20 ac
s 3224291 202-4.42 1384 ok
» DJ* [ 1441 £ 13.00 9.04-19.77 46.20 abfighjl
ISO_TRUNK' 5.64 +3.64 414-7.14 14.00 ok

MA_FD, morphological asymmetries; HIPS_ROM, range of motion asymmetries; PS_COP, neuromuscular asymmetry; ISOK_QQ, isokinetic strength of knee extensors; ISOK_HH, isokinetic
strength of knee flexors; NB_ECC, eccentric strength of knee flexors; FD_ADD, isometric strength of hip adductors; CMJFA, vertical ground reaction force asymmetry in counter-movement
jump with arms; CMJ, vertical ground reaction force asymmetry in counter-movement jump; SJ, vertical ground reaction force asymmetry in squat jump; DJ, vertical ground reaction force
asymmetry in the drop jump test; SD, standard deviation; CI, confidence interval.
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Post-hoc test

(paired t-test

p-value)

Sitand reach test (cm) | EXP 252 | 268%37  +128 +63 Group: p = 0.469, %, 0006 Time: p < 0.001, 11y P <0001
33 0.306 Interaction: p < 0.001, n,: 0.361

CON 255+ | 254%35 009 04 p=0533

30

30 m sprint (seconds) EXP  63:05 | 59+04 4067 +63 Group: p < 0177, 2 0.021 Time: p < 0.001, ' <0001
0179 Interaction: p < 0.00L, 1 0.193

CON 62306 63:06 -022 16 p=0150

Alternate hand wall toss |~ EXP 82%37 | 103+39 4178 4256 | Group:p <0241, 17%:0.016 Time: p < 0001, 7 p <0001
test L0 m (score) 0456 Interaction: p < 0.00L, 1, 0.545

CON | 83340  81:46 -021 24 p=0186

Alternate hand wall toss |~ EXP | 38%36 3739  -013 -26 Group: p=0.949, 7,2 0.001 Time: p = 0.254, ', p = 0400
test 2.0 m (score) 0015 Interaction: p = 0.888, 17: 0.001

CON  38+36 | 37+42  -012 -26 P =0430

Abbreviations: EXP, experimental group; CON, control group; ES, cohen d effect si

: Values are defined as mean + standard deviation.
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Parameters  CG ANOVA 3 x 2

PRE PRE ES Time time*group
P P
B (kg) 69476 | US| 529 | 00 | @8R @09 08D | 001 | G693 | eI | 0092 | 007 0574 0209
MM (kg) D622 | BIE2S | 0MS | 0N B33 | 2028 0M6 | 0N | RS2 | RM2M | 0B | 05 0080 0568
) M A7 | WSS | 0RO | 002 263 | 202563 | 030 | 005 | 245700 | BB7U | 02 | 03 006 0098
VMeo (mm.s™') 1148 £ 283 11622273 0795 001 1524 £ 676 1587 £ 744 0400 001 1198 2392 9.08 £ 194" 0028 094 0.164 0013
Ve (mms ) 16555440 | 19685566 | 000 | 060 | 267221403 | 2SMeIle | OS2 | 0N | 2325815 | 148287 | 0013 | 097 0184 o006
MD (mm) 264178 | SMELG | 012 | 042 OM+lls | BSels | 037 | 04 | 1029108 | 643080 | 0000 | 406 0000 o000
MVCA () NS 2555 1095622708 | 047 | 011 I0S6:F3 172923297 | 0004 | 045 | 1060821693 | 12365120467 | 0000 | 095 0000 o001
MVCnon-d (N.m™) 1194 £2418 | 11001 £2466 0578 | 008  103.92£3609 11524 £3423° | 0018 031 1009521955 | 11379 £ 1967 | 0.004 065 0.001 0011
el MVCA (N ) 105048 1662049 | 042 | 008 1522051 1754048 | 00 | 046 1622030 | 10£03 | 0000 08 000 o000
el MVChon-d (N L9200 | L6204 | 0556 | 007 1562051 1724049% | 007 | 03 | 1542033 | 174£029 | 0002 O6% 000 o000
10 m MWS (s ) 19520 | 2002015 | 023 | 03 1sszon 190020 037 03 180l 150w | 000 03 002 o978
SCTa (ms™) 0812007 | 0ol | 00% | 051 079010 | 0S1:007 | 032 | 025 066006 | 075008 | 0000 | 127 014 o0t
SCTd (ms) 102013 | 091:012 | 000 | 071 082015 089010 | 0295 029 0732009 | 086£01 | 000 L7 0204 o000

Dat are presented 35 mean + SD. GG, contel groups RET, essance-endurance training: SMIT, ensorimoto raning: . p-vlues S, ffect sz BW (kg body weights MM (), muscl mas; FM (k. ot mass: VMo (s mean with eyes pens VMee
(mm ). velocit-mean with eys close MD (m), mean-distance; MVC (Nm'), maximal voluntary contacton ofth dominant lg: MVCnon-d (N "), maximal voluntry contracton of the non-dominant leg el MVCd (N "), eative maximal vountary
contacton o the domninant eg: MV (N ), relative masimal voluntarycontraction of the non-dominantlg:10m MWS (. ), 10 m masximl waling specd: SCTa (., Stae climb est-ascends SCTd (), Stai limb et - descend. The bold values ndicate
el s i
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Hip Max 8851 £ 12.36° 9.97 £ 6.54* 92.89 +9.23* 1332 + 2.56%
Min 1287 £ 1172 046 + 5.79° 1680 + 521 1.58 £ 2.09%
Rom 7564 £ 574 10.63 +2.76 76.10 £ 953 1175 +338
Knee Max ~12045 + 1045 13.44 + 1146* -124.44 8.34° 2543 £ 5.07*
Min ~20.90 + 821 -12.15 £ 8.42 -19.14 £ 7.11 -1048 £ 5.15
Rom 9955 + 7.71* 25.59 + 12.08* 10530 + 827* 3591 £ 3.92°
Ankle Max 3205 £ 840° — 2456 + 4.55% —
Min -0.48 + 5.83 | — -8.22 +3.40% —
Rom 3253 £ 440 — 3278 £ 573 —

* ik ssiaheunt diilsencs Gawedn oo and posk b2 OIS veo. Toe Lt posk. ot 5 sastial it 13 horsoatal wlans.
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Index Pre Post

Hip s ~195 +0.53* -234 £ 017%

H 038 £ 0.10° [ 048 £ 0.08*

Knee s 154 £ 0.68* 130 £ 0.30*

H [ ~10.98 + 1.38 [ ~1148 £ 2.15

7 Ankle [ 5 ~112 £ 013 [ ~1.06  0.14*

& siadicats. it dillercuce Delweasi pee siud out. 52 0N, Tire rod

ue; post, post-fatigue. S, sagittal plane; H, Horizontal plane. (Nm/kg).
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Research features Coefficient
Neuromuscular activation RMS 1780 130 0175
Outcome extracted MVC 5433 253 0133
[oYi] -5.578 -128 1.000
P(W) ~7.119 N 1000
Resistance strength | <30% IRM 8.400 429 0086
270% 1IRM -2.553 ~0.60 1000
Self-weight 1976 096 0711
Compressive strength <40% AOP 5852 343 0089
40%~60% AOP -5.391 -L12 1000
260% AOP -2184 -0.76 0806

Wt .
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Intervention Plan (BFR intensity) Outcome
(EG/CG) extracted
Wang (2021) China 1965 + 19/19 BER/No BER Four groups of 30-15-15-15 times 30% 1RM knee RMS VM]
094 extension resistance (40%)
Mvel
Li et al. (2021) China 203+19 | 1010 BER/No BER Four groups of 30-15-15-15 times 30% 1RM knee RMS VMT
extension resistance (40%)
Hu (2020) China 183328 | 12/12 BER/HRT, LRT | Two groups of 30 + 20 30% 1RM squats (bundled RMS VMT
pressure 40 mmHg and inflation pressure 200 mmHg)
(oY
Mver
Li (2020) China 214+32 | 10110 BFR/No BER Four sets of 30-15-15-15 squats (40%) RMS RF NS
Hongwen and Xiang China 236+151 | 27/27 BFR/No BFR Two sets of 10 straight leg jumps + three sets of five  CMJT
(2022) consecutive obstacle jumps + five drop jumps (inflation
pressure 160 mmHg) RCMJ NS
Yan and Guo (2018) China 203:23 | 2020 BER/No BFR Five sets of 50% HRR and 2-min interval runs (inflation  CMJT
pressure 150 mmHg)
mvCeT
Zhang (2021) China 158310 | 12/12 BFR/No BER 20 min cycling (inflation pressure 250 mmHg) P(W) 10 5T
Che et al. (2021) China 1757 % 10110 BER/No BER Four groups of 30-15-15-15 times 30% 1RM half squats | RMS GMT
283 (bundled pressure 40 mmHg and inflation pressure
180 mmHg)
Sun et al. (2019) China 335+49 | 1010 BFR/No BFR Four groups of 30-15-15-15 times 20% 1RM hard pull | RMS BF]
(20 mmHg)
Pan et al. (2019) China 2114+ 18/18 BFR/No BER Four groups of 30-15-15-15 1RM knee extension SEMG (uV)1
117 resistance exercises (40%, 60%, and 80%)
Amani et al. (2019) Iran 23t2 6/6 BER/No BFR Three-player football training with BFR (80-100 mmHg) | RMS VM
MVCT
Yun-Tsung et al. (2019) China 27+46 | 1212 BER/No BFR Five sets of 50% HRR and 2 min runs (149.8 + MVCT
5.0 mmHg)
RMS BET
Cleary Christopher and | United States = 203 £09 | 15/15 BER/No BER One set of thirty 30% 1RM back squats (60%) VI NS
Cook Summer (2020)
RMS VM NS
Doma et al. (2020) Australia | 22950 | 18/18 BER/No BER Three sets of eight single-leg lunges, leg swings, high | V] NS
knees, and hip kicks each (130% systolic pressure)
MT
Pedro et al. (2016) Portugal | 24854 | 14/14 BFR/No BER Six groups each with 10 maximum knee extension RMS RF[
eccentric movements (40%)
Mvel
Gepfert et al. (2020) Poland 28458 1010 BFR/No BER Three sets of three 70% 1RM barbell squats (100%) PW)T
vi
Lauver et al. (2017) United States | 228 £23 | 24/24 BFR/No BFR Four groups of 30-15-15-15 20% 1RM knee resistance ~ MVIC|,
exercises (130% systolic blood pressure)
RMS VM]
Miller et al. (2018) United States | 21826 | 20/20 BFR/No BFR Three sets of 20-s WBV eMJT

Three sets of MVC (charging pressure 160 mmHg)

NS, no statistical significance; RMS, electromyographic standard value; MVC, maximum autonomous isometric contraction; VM, medial thigh muscle; RF, rectus femoris muscle; GM, gluteus
maximus muscle; B, biceps femoris muscle; R, rate. | represents a significant increase; | represents a significant decrease; WBV, whole body vibration; HRR, heart recovery rate; CMJ, counter
movemet i SIVIC: mesimd solatary bonmskic contraciion; V., weloeity:of Tendh Brees: YW, tnaxinyan culpat powes: BRI sath-of conntor merement Mamo:
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Research feat

Outcome extracted

Exercise mode

Compressive strength

Subgroup standard dy (sample) SMD 95% CI

MVC 7(107) 007 -021,0.34 063 66
oY) 7(132) 045 0.200.69 0.0004 2 021
P(W) 2(22) 013 047,072 068 0 067
<30% IRM 5(82) ~0.06 -0.37,0.25 069 40 015
270% IRM 3 (44) ~0.02 ~044,0.39 091 0 051
Self-weight 8 (135) 057 033,082 <0.0001 33 017
<40% AOP 4(67) -0.12 -047,0.23 050 73 001
40%-60% AOP 6(119) 057 031,083 <0.001 19 029
260% AOP 6(75) 013 -021.0.45 044 0 075
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S
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SMD  95% CI

P (merge effect)

P (o

6)

)

Che et al. (2021) 106 | 078,133 <0.00001 0
Pedro et al. (2016) 099 | 071,127 <0.00001 0
Li (2020) 099 | 071,126 <0.00001 0
Lauver et al. (2017) 098 | 0.69,1.28 <0.00001 0
Zhao et al. (2006) 098 | 070,125 <0.00001 0
Wang (2021) 097 | 068,126 <0.00001 0
Hu (2020) 097 | 069, 1.24 I <0.00001 0
Sun et al. (2019) 095 | 0.68,1.23 <0.00001 0
Yun-Tsung et al. (2019) 094 | 0.66, 1.21 <0.00001 0
Amani et al. (2019) 094 | 0.67, 121 [ <0.00001 0
Overall 098 | 071,124 <0.00001 0



