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Superimposed Whole-Body Electrostimulation Augments Strength Adaptations and Type II Myofiber Growth in Soccer Players During a Competitive Season
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Background: The improvement of strength and athletic performance during a competitive season in elite soccer players is a demanding task for the coach.

Aims: As whole-body electrostimulation (WB-EMS) training provides a time efficient stimulation potentially capable in exerting skeletal muscle adaptations we aimed to test this approach over 7 weeks in trained male soccer players during a competitive season.

Hypothesis: We hypothesized that a superimposed WB-EMS will increase maximal strength and type I and type II myofiber hypertrophy.

Methods: Twenty-eight male field soccer players were assigned in either a WB-EMS group (EG, n = 10), a training group (TG, n = 10), or a control group (CG, n = 8). The regular soccer training consists of two to four sessions and one match per week. In concurrent, the EG performed 3 × 10 squat jumps superimposed with WB-EMS twice per week, TG performed 3 × 10 squat jumps without EMS twice per week, and the CG only performed the regular soccer training. Muscle biopsies were collected and strength tests were performed under resting conditions before (Baseline) and after the intervention period (Posttest). Muscle biopsies were analyzed via western blotting and immunohistochemistry for skeletal muscle adaptive responses. To determine the effect of the training interventions a 2 × 3 (time ∗ group) mixed ANOVA with repeated measures was conducted.

Results: Maximal strength in leg press (p = 0.009) and leg curl (p = 0.026) was significantly increased in EG along with a small but significant increase in type II myofiber diameter (p = 0.023). All of these adaptations were not observed in TG and CG.

Conclusion: WB-EMS can serve as a time efficient training method to augment strength capacities and type II fiber myofiber growth in soccer players when combined with specific resistance training. This combination may therefore be a promising training modification compared to traditional strength training for performance enhancement.
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INTRODUCTION

The improvement of physical performance of soccer players in short time courses is of crucial importance in high performance soccer. Here, running distances associated with high intensity have significantly increased in the last decade (Mohr et al., 2003; Di Salvo et al., 2010). Consequently physical requirements, especially the development of strength capacities, gained more importance. But with increasing number of games per season, a well-developed physical robustness and muscular performance also plays a crucial role in the context of injury prevention (Al Attar et al., 2017). However, assuring adequate recovery after a match and timelike integrating effective strength programs to systematically increase soccer-relevant strength parameters during the competitive season is a demanding task for the coach. Due to a lack of time, the implementation of alternative training methods that offer high efficient stimulation of muscle adaptation has increasing value. Among these, stimulation of muscle via electromyostimulation (EMS) to increase maximal strength and specific strength capacities such as jumping and sprinting of trained and elite team sport athletes seems promising (Delitto et al., 1989; Maffiuletti et al., 2000, 2002a, b; Malatesta et al., 2003; Gondin et al., 2005; Billot et al., 2010; Filipovic et al., 2016). The electrical stimulus leads to a mostly indirect involuntary contraction controlled by the central nervous system (Gregory and Bickel, 2005). Studies revealed that low frequency (approx. 50–120 Hz) EMS can produce a high muscle tension and thus a high metabolic and mechanical stress on the muscular structures (Gregory and Bickel, 2005; Jubeau et al., 2008; Nosaka et al., 2011) that trigger neuronal and hormonal adaptation processes (Paillard, 2008).

Studies showed that a single bout of intense whole-body electrostimulation (WB-EMS) can produce a high level of muscular damage or even rhabdomyolysis especially when it is performed with isometric contractions and with maximal intensity (Kemmler et al., 2015; Stollberger and Finsterer, 2019). Adusting the training intensity under EMS is difficult. Thus, when not applied with care, EMS exercises may induce health risks and bring this training mode under discussion. Thus, in the last years, studies were conducted to investigate the effects on health parameters and performance (Jee, 2018; Kemmler et al., 2018), and guidelines were developed for a safe and efficient implementation (Kemmler et al., 2016). But it is generally accepted, that when properly applied and supervised, WB-EMS represents a safe training method in healthy adults to develop physical performance and health.

Several authors conclude that the increases in maximal strength are mainly through a synchronous activation and higher frequency of motor units, as well as preferential recruitment of fast twitch fibers with relatively low muscle activity (Martin et al., 1994; Pichon et al., 1995; Colson et al., 2000; Maffiuletti et al., 2000, 2002b; Dudley and Stevenson, 2003). However, studies indicate that EMS can activate muscular adaptations and affect muscle characteristics such as a muscle fiber shift toward type IIa fibers (Cabric and Appell, 1987; Delitto et al., 1989; Bigard et al., 1993; Perez et al., 2002; Requena Sanchez et al., 2005) and can promote muscle hypertrophy (Gondin et al., 2005, 2011; Maffiuletti et al., 2006). Hortobagyi and Maffiuletti (2011) concluded in their review that an increase in maximum voluntary contraction in the early stage may not be due to muscle hypertrophy, but rather through changes within structures of the central nervous system. However, hypertrophic effects are possible with EMS, whereas these may only occur during longer stimulation periods of >6 weeks.

One of the major signaling pathways that regulates increased protein synthesis and muscle hypertrophy is the PI3kinase/Akt/mTOR pathway (Egerman and Glass, 2014). Even though limited data are available, some EMS studies have shown that EMS can stimulate the release of growth hormones or insulin-like-growth factor-1 (IGF-1) that can activate the mTOR-signaling pathway (Jubeau et al., 2008; Gondin et al., 2011; Wirtz et al., 2015). However, it has been shown that exercise-induced protein synthesis and muscle hypertrophy can be activated also in the absence of a release of growth hormones and IGF-1 (cf. Wilkinson et al., 2006; Schroeder et al., 2013; Egerman and Glass, 2014). Studies revealed that the mechanical strain of skeletal muscles can directly stimulate mTOR-related signaling (Jacobs et al., 2014) and p70s6k phosphorylation (Sandilands et al., 2015) via focal adhesion kinase. P70s6k has been shown to correlate with muscle growth and protein synthesis (Terzis et al., 2008, 2010). As EMS induces a significant mechanical stimulation of skeletal muscle fibers, assessment of p70s6k levels after EMS stimulation is promising.

In our previous study with professional soccer players (Filipovic et al., 2016) we achieved significant increases in maximal strength of the leg press (LP), jumping and sprinting performance with a dynamic WB-EMS training after 7 weeks (14 sessions). In this study we were not able to investigate skeletal muscle substructures; thus, it remains unclear whether muscle hypertrophy has occurred and an increase in muscle size has positively influenced maximal strength. Although the effects of EMS in various setups have been investigated, there is still a lack of knowledge concerning its application, e.g., in high performance soccer players, as a time-efficient training enhancement within a season and regular soccer training (cf. Billot et al., 2010; Filipovic et al., 2012, 2016).

Based on the capacity of EMS to significantly affect the neuromuscular level of skeletal muscle, we aimed to test in the present study whether EMS-induced strength gains are also associated with molecular and structural adaptations in skeletal muscle of high performance soccer players, when WB-EMS is applied with specific strength training during a continuous soccer training regimen. We hypothesized that WB-EMS in combination with a specific jumping training will increase strength capacities in skeletal muscle but not in non-WB-EMS stimulated athletes. We further hypothesized that this response was associated with increased diameter of myofibers reflected by increased protein levels of p70s6k and mTOR.

MATERIALS AND METHODS

Participants

Only healthy field soccer players were included which means no cardiovascular or metabolic diseases and no preinjury in the tested muscle groups. Participants needed to compete on a regional level for the last 3 years and train two to four sessions per week and play one soccer match per week. Experience in strength training was required. Twenty-eight soccer players were randomly assigned into three different groups. Control group (CG) was assigned based on preferences and availability, whereas both intervention arms have been assigned based on coin toss. The EMS group (EG, n = 10) performed 3 × 10 squats jumps superimposed by WB-EMS twice a week in addition to the regular soccer routine over a period of 7 weeks. To differentiate between the effects caused by EMS and by the squat jumps and soccer training, respectively, two CGs were included. A jump training group (TG, n = 10) performed the same number of squat jumps with identical intervals without EMS stimulus on the same days as the EG and a CG (n = 8) that only performed the regular soccer routine.

Basal anthropometric parameters of the subjects are shown in Table 1. All subjects abstained from alcohol consumption for 24 h prior to the Baseline diagnostics and during the training intervention and were non-smokers.

TABLE 1. Anthropometric data (mean ± SD) and total training load (arbitrary units) during the 7-week intervention period calculated by Polar Team-2 Software according to training time spent in defined heart rates (see the section “Materials and Methods”).
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Twenty-seven players completed the two strength diagnostics. One player of the TG dropped out from the study because of an ankle joint injury before the Posttest and one sample could not be analyzed due to a missing Posttest of one subject. This subject was not willing to conduct a second biopsy. Muscle samples from 25 subjects were used for Western blotting and histology.

Definition of Daily Soccer Routine

The regular soccer training consists of 3.2 ± 1.0 sessions per week with a soccer match at the end of the week (90 min). The standard training sessions lasted 80.7 ± 10.1 min including general and specific warm-up (light to moderate intensity), athletic components with various intensities, technical skill activities (light to moderated intensity), offensive and defensive tactics (light to moderate intensity), small-sided game plays (e.g., 4 vs. 4 – 32 × 40 m; high intensity) and continuous play (e.g., 8 vs. 8 – 60 × 60 m; 10 vs. 10 – 100 × 60 m; moderate to high intensity). In a normal training week during season with a match on Sunday training was scheduled on Tuesdays, Wednesdays (optional), Thursdays, and Fridays. Number of training sessions and the training days varied according to the game schedule playing Sunday–Sunday or Sunday–Saturday. The number of training sessions and the total training minutes were documented. Training load included matches and was measured via Polar Team-2 Software (Polar Electro, Büttelborn, Germany) according to the training time spent in defined heart rate zones and related to the individual maximum heart rate during soccer training or match (Table 1). The training load provided by the Polar-Software determines the internal training load based on background variables [sex, training history, metabolic thresholds, and maximal oxygen consumption (VO2max)] and parameters measured during training sessions (exercise mode, heart rate, and energy expenditure) (cf. Schumann et al., 2017). The individual maximum heart rate and maximum oxygen uptake VO2peak of the players were measured in a maximal ramp test for calculation of training load via the Polar-software.

The players were asked to maintain their usual food intake and hydration and no nutrition supplementation was used. Additional strength training was not allowed during the study.

All players had a constant training volume during the first half of the season (July till December) and were in a well-trained condition. The intervention period started after the 3 week mid-season break from end of December till mid of January. During these 3 weeks the training load was relatively low (moderate endurance training twice per week) in order to maintain fitness level and not negatively affect baseline testing.

Exercise Protocol

Whole-body electrostimulation training was conducted on Tuesdays and Fridays in order to obtain a rest interval of 48 h between the two sessions and the championship game on Sunday. The EMS training was conducted using a WB-EMS-system by “miha bodytec” (Augsburg, Germany). WB-EMS was applied with an electrode vest to the upper body with integrated bilaterally two paired surface electrodes for the chest (10 × 4 cm), upper and lower back (14 × 11 cm), latissimus (10 × 4 cm), and the abdominals (23 × 10 cm) and with a belt system to the lower body including the muscles of the glutes (13 × 10 cm), thighs (44 × 4 cm), and calves (27 × 4 cm). Biphasic rectangular wave pulsed currents (80 Hz) were used with an impulse width of 350 μs (cf. Filipovic et al., 2016). The stimulation intensity (0–120 mA) was determined and set separately for each muscle group by using a Borg Rating of Perceived Exertion (cf. Tiggemann et al., 2010). The training intensity was defined for each players in a familiarization session 2 weeks before and set at a sub-maximal level that still assures a clean dynamic jump movement (RPE 16–19 “hard to very hard”) and was saved on a personalized chip card. The EG performed 3 × 10 maximal squat jumps with a set pause of 60 s (no currents) per session. Every impulse for a single jump lasted for 4 s (range of motion: 2 s eccentric from standing position to an knee angle of 90° – 1 s isometric – 0.1 s explosive concentric – 1 s landing and stabilization) followed by a rest period of 10 s (duty cycle approx. 28%). The total duration time was 8.5 min per session with an effective stimulation time of 2 min per session. The players started with a 2–3 min standardized warm-up with movement preparations including squats, skipping, and jumps in different variations (squat jumps, jumps out of skipping, or double jumps) at a light to moderate stimulation intensity. The players were told to slowly increase the intensity every few impulses. The training started when the players reached the defined training intensity that was saved on the chip card from the last session according to the RPE 16–19 (“hard to very hard”). The stimulation intensity was constantly increased individually every week (Tuesdays) in order to maintain a high stimulation intensity.

The TG performed the same amount of jumps with identical interval and conduction twice per week without EMS. The CG only performed the two to four soccer training session plus one match per week.

Experimental Protocol

Strength Diagnostics

Isometric strength and isoinertial power diagnostics were performed with the LP and leg curl (LC) machine (Edition-Line, gym80, Gelsenkirchen, Germany) equipped with digital measurement technique Digimax (mechaTronic, Hamm, Germany) and according to the protocol of the Institute of Training Science and Sport Informatics at the German Sport University Cologne (cf. Wirtz et al., 2016). The force-time and velocity-time variables were measured via strength sensors (5 kN strength sensor typ KM1506, distance sensor typ S501D, megaTron; Munich, Germany) and analyzed with the softwares IsoTest and DynamicTest 2.0. The sensors were installed in line with the steel band of the machines that lifts the selected weight plates. The maximum force in relation to body weight [Frel (N⋅kg–1)] was calculated and used for statistical analysis. After a 10 min standardized warmup including cycling on a ergometer and one set of 10 reps with moderate weight (approx. 40% 1RM) at the LP and the LC machine the players performed three isometric tests per test machine to measure maximal strength. Isometric attempts were conducted at an inner knee angle of 120°.

Muscle Biopsies and Tissue Treatment

Muscle biopsies were taken via Bergström needle biopsies (Bergstrom, 1975) from each player 2 weeks before (Baseline) and 48 h after the last training intervention (Posttest) (Figure 1). All biopsies were obtained under local anesthesia from the middle portion of the m. vastus lateralis between the lateral part of the patella and spina iliaca anterior superior 2.5 cm below the fascia. The muscle samples were freed from blood and non-muscular material and embedded in tissue freezing medium (TISSUE TEK, Sakura, Zoeterwoude/Netherlands). Samples were frozen in liquid nitrogen-cooled isopentane and stored at −80°C for further analysis. The distance between Baseline and Posttest incision was approx. 2.5 cm.
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FIGURE 1. Timeline of strength testing and muscle biopsies during the study in the second half of the season.



Immunohistochemistry

Seven micrometers of cross-sectional slices were obtained from the frozen muscle tissue using a cryo-microtome Leica CM 3050 S (Leica Microsystems, Nußbach, Germany) and placed on PolysineTM microscope slides (VWR International, Leuven, Belgium). Sections were fixed for 8 min in −20°C pre-cooled acetone and air dried for 15 min at room temperature (RT), before blocking for 1 h at RT with Tris-buffered saline (TBS, 150 mM NaCl, 10 mM Tris–HCl, pH 7.6) containing 5% bovine serum albumin (BSA). After blocking, sections were incubated over night with rabbit polyclonal primary antibody which detects type I Myosin Heavy Chain (host: mouse; A4.951, DSHB Iowa, IA, United States), diluted 1:200 in 0.8% BSA. To confirm antibody specificity, control sections were incubated in TBS containing 0.8% BSA but without primary antibody. After incubation, sections were washed three times with TBS and incubated for 1 h with biotinylated goat anti-mouse secondary antibody (Dako, Glostrup, Denmark), diluted 1:400 in TBS, at RT. Thereafter, sections were washed three times before incubation for 1 h at RT with streptavidin biotinylated horseradish peroxidase complex (Amersham Biosciences, Uppsala, Sweden) 1:400 in TBS. Sections were washed once again and immunohistochemical staining was finalized using a 3,3′-diaminobenzidine (DAB) solution (0.09 M phosphate buffer, pH 7.4; 2.2 mM DAB; 7.03 mM ammonium chloride; 0.93 mM nickel sulfate; 10.44 mM β-D-glucose and 0.024 μM glucose oxidase). The procedures described are in accordance with the standard protocol for immunohistochemistry of the Institute of Molecular and Cellular Sport Medicine at the German Sport University Cologne (Germany) and have been described in detail before by Jacko et al. (2018).

Westernblotting

Tissue was homogenized in ice-cold lysis buffer (Cell Signaling, Boston, MA, United States) using a micro-dismembrator (Braun, Melsungen, Germany). Homogenates were supplemented with a mixture of protease and phosphatase inhibitors (HaltTM, Thermo Scientific, Waltham, MA, United States). The protein concentration of each sample was quantified with a Lowry test kit (Bio Rad, Munich, Germany) on a multiplate reader (Multiscan FC, Thermo Scientific, Waltham, MA, United States). For gel electrophoresis, 3× Laemmli buffer was added to the samples and heated at 95°C for 5 min. Afterward samples were stored on ice but brought to RT before being loaded on a precast 6–12% bis–tris polyacrylamide gel system (CriterionTM XT, Bio Rad, Munich, Germany). After electrophoretic separation (100 volt, constant) in XT MOPS Running Buffer (Bio Rad, Munich, Germany), proteins were transferred (1.2 amp, 25 volt max, 34 min) to a polyvinylidene difluoride (PVDF) membrane (Bio Rad, Munich, Germany) using semi dry blotting systems (CriterionTM, Bio-Rad, Munich, Germany). Membranes containing the separated proteins were blocked in 5% non-fat dry milk for 1 h at RT and incubated over night at 4°C with total mTOR (NEB 2983) and total p70s6k (NEB 2708) specific antibodies (Cell Signaling, Boston, MA, United States). Goat anti-rabbit antibodies diluted 1:1500 in 5% BSA, membranes were washed three times with TBST [TBS added with 1% Tween120 (Sigma–Aldrich, St. Louis, MO, United States)] and afterward incubated for 1 h at RT with the secondary antibody (goat anti-rabbit, diluted 1:10.000 in 5% non-fat dry milk, Thermo Scientific, Rockford, United States) and then washed in TBST. Proteins were detected by an enhanced chemo-luminescence assay (ECL-Kit, Amersham Life Science, Buckinghamshire, United Kingdom) exposed to an X-ray film (Kodak, X-OMAT Engineering, Eastman Kodak Co., Rochester, NY, United States) (Figure 2).
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FIGURE 2. Representative picture of Western blots of individual subjects of total mTor, total p70s6k, and alpha-tubulin in EMS-Group (EG), Training-Group (TG), and Control-Group (CG) measured 2 weeks before (Pre) and after the intervention period (Post).



Determination of Myofiber Diameter

All slides were examined with a Zeiss Axiophot 200 light microscope coupled to a Sony 3CCD Color Video Camera. Up to 10 digital pictures were taken from each cross section with 10-fold magnification (10-fold objective) (Figure 3). A digital micrometer scale was applied to set the correct μm/pixel ratio for this magnification level. 1.2 pixel determined a length of 1 μm and this aspect ratio was used for all photos. Myofiber diameter was quantified by selection of the sarcoplasmic region within the borders of the sarcolemma of the myofiber and its subsequent measurement by the best fitting ellipse tool (Cluff et al., 2013) using the software ImageJ® (National Institutes of Health, United States). The minor axis was determined as the diameter of the myofiber. 55.4 ± 8.2 type I and type II myofibers per subject and time point analyses for changes in myofiber diameter.
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FIGURE 3. Representative picture of immunohistochemical staining of myofiber cross-sections (10× fold magnification). (A) Type I fibers (stained) and (B) type II fibers (no stain).


Statistical Analysis

All descriptive and inferential statistical analyses were conducted using SPSS 25® (IBM®, Armonk, NY, United States). Kolmogorov–Smirnov test was applied to test for normal distribution. Data for muscle fiber size and mTOR were normally distributed. To determine the effect of the training interventions on maximal strength, muscle fiber size, and the signal protein, a separate 2 × 3 (time ∗ group) mixed ANOVA with repeated measures was conducted. ANOVA assumption of homogenous variances was tested using Mauchly’s test of Sphericity. Greenhouse–Geisser correction was used when a violation of Mauchly’s test was observed. Partial eta-square ([image: image]) values are reported as effect size estimates. If 2 × 3 mixed ANOVA revealed a significant time-point ∗ treatment or time ∗ group interaction effect on any variable, this effect was further investigated carrying out Bonferroni corrected post hoc pairwise comparison. Group differences were determined by a one-way ANOVA. Bonferroni post hoc test was used to calculate significant differences between the tested groups. Effect size Cohen’s d, defined as difference in means/standard deviation was calculated for groups between Baseline and Posttest (0.2–0.4 small; 0.5–0.7 medium; >0.8 large effects) (Cohen, 1988).

To detect correlations between the increase in Frel of LP and LC and muscle fiber size Pearson product-moment correlation (one-tailed) was used.

RESULTS

Changes of anthropometric data and the results of maximal strength testing of the players are shown in Table 2. The results in type I and type II myofiber diameter are presented in Table 3.

TABLE 2. Results for anthropometric data and relative maximal strength (Frel) at leg press and leg curl for EMS-Group (EG), Training-Group (TG), and Control-Group (CG) 1 week before (Baseline) and 1 week after intervention period (Posttest).
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TABLE 3. Results for myofiber diameter (minor axis) in Type I and Type II fibers in EMS-Group (EG), Training-Group (TG), and Control-Group (CG) 2 weeks before (Baseline) and after intervention period (Posttest).

[image: image]

Anthropometric Data and Training Load

No changes were observed in bodyweight (kg) or bodyfat (%) from Baseline to Posttest. CG tends to have a higher percentage of bodyfat in general but no group differences could be observed between the groups at Baseline or Posttest.

Regarding training volume and load no differences were observed between the groups in the total number of soccer training sessions (EG 23.9 ± 7.8; TG 25.9 ± 6.6; CG 18.1 ± 5.6 sessions), soccer training minutes (EG 2103 ± 630; TG 1812 ± 919; CG 1437 ± 381 min), and the total recorded training load via Polar Team-2 software (Table 1).

Strength Parameters

The 2 × 3 mixed ANOVA revealed a significant main effect of within subjects factor time for LP (F = 8.647, df = 1, p = 0.007, [image: image] = 0.265) and for LC (F = 5.865, df = 1, p = 0.023, [image: image] = 0.196) but no group ∗ time effect was observed. Post hoc analysis showed a significant increase in Frel from pre-to-post for the EG in LP (p = 0.009) and in LC (p = 0.026). Frel remained unchanged for TG and CG in the two test machines (Table 2).

Group comparison showed no differences between the groups at Baseline in LP and LC. At Posttest EG showed a significant higher Frel in LC (p = 0.036) compared to CG. No differences were observed between the groups at Posttest in the LP machine.

Myofiber Diameter

For type I fibers no significant time or time ∗ group effect was observed. The analysis of the type II fibers showed a significant effect over time (F = 4.369, df = 1, p = 0.048, [image: image] = 0.166) but no group ∗ time interaction effect. Post hoc analysis detected a significant increase in type II myofiber diameter (minor axis) for EG at pre-to-post (p = 0.023). Myofiber diameter remained unchanged in TG and CG. One-sided ANOVA for group comparison showed no differences between the groups at Baseline and Posttest for type I and type II (Table 3 and Figure 4).
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FIGURE 4. Individual changes in myofiber diameter of (A) type I and (B) type II fibers in the EMS-Group (EG), Training-Group (TG), and Control-Group (CG) measured 2 weeks before (Pre) and after the intervention period (Post).



MTOR Signaling Proteins

A 2 × 3 ANOVA of repeated measures revealed no effects over time and no interaction effect for total mTOR and total p70s6k. No group differences were observed between the groups at Baseline or Posttest (Figure 5).
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FIGURE 5. Total levels of (A) mTOR, (B) p70s6k in EMS-Group (EG), Training-Group (TG), and Control-Group (CG) measured 2 weeks before (Pre) and after the intervention period (Post). Values are presented in means ± SD.



Correlations

A significant positive correlation (r = 0.355; n = 23; p = 0.048) was shown between changes (%delta = Posttest−Baseline) in Frel and changes in muscle fiber size of type II fibers. Significant increases in LP Frel are associated with increases in LC Frel (r = 0.349; n = 26; p = 0.040).

DISCUSSION

The study was designed to investigate the effects of superimposed WB-EMS on muscular adaptations during a competitive season in trained soccer players. After 7 weeks we observed significant increases in myofiber size of 8.9 ± 8.5% in type II fibers only in the EG but not in TG and CG. Although insignificant, EG showed also the highest increase in type I muscle fiber size of 4.1 ± 5.5% compared to TG and CG. Regarding strength capacity we also observed significant increases in Frel at LP (15.1 ± 13.3%) and at LC machine (8.5 ± 9.3%) only in the EG. The results in maximal strength are in line with the result of our previous investigation with professional soccer players (Filipovic et al., 2016) and comparable to the increases shown in local EMS studies with trained and elite athletes after 12–28 sessions (cf. Willoughby and Simpson, 1998; Maffiuletti et al., 2000, 2002a, b; Babault et al., 2007; Billot et al., 2010; Filipovic et al., 2012). It seems that 3 × 10 squat jumps twice per week in addition to two to four soccer training sessions or soccer training alone have no significant effects on muscular adaptation and strength capacity of the leg muscles. Accordingly, we could isolate the effect of the EMS stimulus and address the observed effects to the combination of WB-EMS and soccer training.

We assume that the increase of the myofiber diameter was small because all of the subjects had previous strength training experience and were trained soccer players. It has also to be accounted for that the entire net time under tension in the TG and EG were 28 min (2 × 2 min per week). A regular strength training unit with moderate movement and speed, consisting of three exercises with 5 sets and 10 repetitions for the leg muscles will result in a time under tension of approximately 25 s per set, 6 min for the entire session and around 90 min in 7 weeks. This would represent a more than threefold loading time of muscle. The EG and TG conducted in total only 14 training sessions (approx. 12–15 min) over a 7-week time period. In a comparable EMS study by Gondin et al. (2011) increases of 12% in type I and 23% type II fibers were observed after 8 weeks (three sessions/week) in trained athletes in combination with usual sport-specific training (4–6 h per week). We applied a significant lower number of sessions in total (14 vs. 24 session) and also a significant lower time under tension per week (4 vs. 12.5 min). Compared to regular hypertrophic strength training, WB-EMS provided a minimalistic time pattern of stimulation on muscle fibers. In comparable studies applying resistance exercise on subjects, two to three training sessions a week (approx. 70%; 3–5 sets; 8–12 reps) are associated with increased strength capacities and muscular hypertrophy (Izquierdo et al., 2009; Andersen and Aagaard, 2010).

Electromyostimulation provides a stimulus where during a voluntary recruitment of myofibers; artificially, high supramaximal recruitment of myofibers is generated (Gregory and Bickel, 2005). Fast type II muscle fibers are recruited from the beginning; in addition to, the small type I fibers even at relative low intensities and moderate movement velocities suggest a preferential activation of the type II fibers (Gregory and Bickel, 2005). This offers a high, but short mechanical strain on myofibers implying also a high neuronal activation of motor units at the motoric endplate (cf. Hortobagyi and Maffiuletti, 2011). This probably does not include involvement of supraspinal neuronal centers to a higher extent than voluntary contractions with high force output, therefore explaining only moderate changes in general strength abilities; however, EMS may exert mechanical stimulation of myofibers to a high extent. Although this can be assumed, it will probably not mimic the myofibrillar loading that occurs during regular resistance training. Differences in the activation of signaling proteins between EMS and regular resistance exercise modes are to date not well investigated. High mechanical strain of myofibers is associated with increased signaling via mTOR pathway reflected by increased protein synthesis (Egerman and Glass, 2014; Gehlert et al., 2015b). Due to the time point of biopsy sampling in the rested state, we were unable to detect acute changes in the activation of mTOR-related signaling via phosphorylation of mTORC1 and p70s6k between and within groups and instead determined total levels of p70s6k and mTOR. We did not determine direct changes of these proteins in any of our groups. First, the time course of stimulation might has been be too short and second the accumulation of total protein levels will probably not limit the system in generating substantial hypertrophy; however, the cellular communication via p70s6k will not strictly reflect protein synthesis rates exceeding the acute phase after resistance exercise (Bamman et al., 2018). After 7 weeks we detected significant increased Type II diameter in the EG pointing to a substantial recruitment and stimulation of this fiber type during EMS (cf. Gregory and Bickel, 2005). Only small increases were observed in type I fibers. Type I fibers need a higher time under tension and also have a significantly lower capacity for hypertrophy (Bagley, 2014). We further have to assume that regular soccer training, associated with high energy turnover in muscle, will at least partly inhibit mTOR-related signaling (Coffey and Hawley, 2017) and prevent substantial increases in mTOR and p70s6k protein. The inhibition of growth via concurrent pathway interaction can also explain the lower degree in hypertrophy in the EG due to endurance-based soccer training (Fyfe et al., 2014) especially in type I fibers.

Regarding increase in muscle size of the m. quadriceps femoris and its influence on strength capacity of the leg extensor it is likely that the increases in Frel of the LC machine are also associated to an increase in muscle mass of the hamstrings. Regarding injury prevention, this could reduce the risk of hamstring injuries that represent one of the most common injuries in sprint demanding sports like soccer (Ekstrand et al., 2011). Thus, WB-EMS can be of great interest in team sports and soccer especially (Goode et al., 2015).

In general, the determined improvements in myofiber diameter and strength show a substantial interindividual variability reflecting a high individual pattern in the adaptation (high/low/none-responder) to the EMS stimulus. This was observed in previous EMS studies (Kreuzer et al., 2006; Wirtz et al., 2015, 2016; Filipovic et al., 2016; Micke et al., 2018) but also after strength training concerning hypertrophy (Petrella et al., 2008). Furthermore, the differences in playing time, high intensity running, and/or sprint distances during soccer match and training produce great deviations in training/work load within the players (Mohr et al., 2003; Suarez-Arrones et al., 2015; Pettersen et al., 2018) that can influence adaptative processes.

The results reveal that the increase in type II muscle fiber size may have positively influenced the force–velocity characteristic of the whole muscle (cf. Suchomel et al., 2018). However, increases in strength capacity are not only associated with hypertrophy. A variety of structural adaptation mechanism, e.g., muscle fiber shift toward type IIa fibers (Perez et al., 2002; cf. Requena Sanchez et al., 2005) or an increase in muscle stiffness via Ca2+-induced modification of titin-isoforms (Rassier, 2017) as well as adaptation in the electromechanical coupling or energetic supply of the muscle (cf. Gehlert et al., 2011; Baird et al., 2012; Gehlert et al., 2015a; Ulbricht et al., 2015) could have been involved to promote increases in strength capacity.

A limitation of the present study was that the weekly training load could not be entirely standardized. This was due to the fact that players, depending on their position, received different tasks during training units and players had also distinct playing time during matches. On the other hand, this was distributed over the entire group of subjects and not only in EG, TG, or CG. Due to extreme difficulties in managing training and the intervention during the training day, it was not possible to collect biopsies acutely after exercise. This would have enabled us to determine acute changes in phosphorylation of mTOR targets and chaperones which might indicate the impact of WB-EMS on fiber recruitment, protein synthesis, and also muscle damage (Jacko et al., 2019). However, the current approach, using well-trained soccer players, created a realistic training situation, which was not scientifically overadapted. Further, we determined that WB-EMS is a safe training method and does not negatively influence players’ performance.

Based on our results we conclude that implemented WB-EMS indeed will not dramatically change muscle adaptive responses when maintaining soccer training during a competitive season. However, it can emphasize the adaptability of fast type II fibers and may therefore result in a fine tuning of strength capacities while maintaining other performance parameters. The results reveal that WB-EMS training can be implemented as a time efficient alternative to traditional strength training in order to increase strength capacity during competitive season in soccer players. It could also be a promising training alternative for other team sports, e.g., track and field, handball, or basketball. More studies should investigate the effects of WB-EMS in other competitive sports in various intensities, training frequencies, and over extended time courses to elucidate chronic and long-term effects of this training tool.

DATA AVAILABILITY

The datasets for this manuscript will be made available by the authors. Requests to access the datasets should be directed to the corresponding author AF.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of the “Ethics Committee of the German Sports University Cologne”. All subjects gave written informed consent in accordance with the latest version of the Declaration of Helsinki. The protocol was approved by the “Ethics Committee of the German Sports University Cologne” [06-02-2014].

AUTHOR CONTRIBUTIONS

AF, SG, MG, and WB conceived and designed the research. AF conducted the experiments. MD conducted the muscle biopsies. BS assisted the biopsies and supervised the WB-EMS training. AH prepared, processed muscle tissue, and measured the parameters. AF and SG analyzed the data and wrote the manuscript. TS, MD, and WB revised the manuscript. All authors read and approved the manuscript.

FUNDING

This study was funded by the Bundesinstitut für Sportwissenschaft (Grant number BISP: ZMVI4-070101/16-17) and the Department of Molecular and Cellular Sports Medicine, Institute of Cardiology and Sports Medicine, German Sport University Cologne, Cologne, Germany.

ACKNOWLEDGMENTS

The authors would like to thank Bianca Collins, Anika Voß, and Thomas Dietz for their excellent technical assistance.

REFERENCES

Al Attar, W. S. A., Soomro, N., Sinclair, P. J., Pappas, E., and Sanders, R. H. (2017). Effect of injury prevention programs that include the nordic hamstring exercise on hamstring injury rates in soccer players: a systematic review and meta-analysis. Sports Med. 47, 907–916. doi: 10.1007/s40279-016-0638-2

Andersen, J. L., and Aagaard, P. (2010). Effects of strength training on muscle fiber types and size; consequences for athletes training for high-intensity sport. Scand. J. Med. Sci. Sports 20, 32–38. doi: 10.1111/j.1600-0838.2010.01196.x

Babault, N., Cometti, G., Bernardin, M., Pousson, M., and Chatard, J. C. (2007). Effects of electromyostimulation training on muscle strength and power of elite rugby players. J. Strength Cond. Res. 21, 431–437. doi: 10.1519/R-19365.1

Bagley, J. R. (2014). Fibre type-specific hypertrophy mechanisms in human skeletal muscle: potential role of myonuclear addition. J. Physiol. 592, 5147–5148. doi: 10.1113/jphysiol.2014.282574

Baird, M. F., Graham, S. M., Baker, J. S., and Bickerstaff, G. F. (2012). Creatine-kinase- and exercise-related muscle damage implications for muscle performance and recovery. J. Nutr. Metab. 2012:960363. doi: 10.1155/2012/960363

Bamman, M. M., Roberts, B. M., and Adams, G. R. (2018). Molecular regulation of exercise-induced muscle fiber hypertrophy. Cold Spring Harb. Perspect. Med. 8:a029751. doi: 10.1101/cshperspect.a029751

Bergstrom, J. (1975). Percutaneous needle biopsy of skeletal muscle in physiological and clinical research. Scand. J. Clin. Lab. Invest. 35, 609–616. doi: 10.3109/00365517509095787

Bigard, A. X., Lienhard, F., Merino, D., Serrurier, B., and Guezennec, C. Y. (1993). Effects of surface electrostimulation on the structure and metabolic properties in monkey skeletal muscle. Med. Sci. Sports Exerc. 25, 355–362.

Billot, M., Martin, A., Paizis, C., Cometti, C., and Babault, N. (2010). Effects of an electrostimulation training program on strength, jumping, and kicking capacities in soccer players. J. Strength Cond. Res. 24, 1407–1413. doi: 10.1519/JSC.0b013e3181d43790

Cabric, M., and Appell, H. J. (1987). Effect of electrical stimulation of high and low frequency on maximum isometric force and some morphological characteristics in men. Int. J. Sports Med. 8, 256–260. doi: 10.1055/s-2008-1025665

Cluff, K., Miserlis, D., Naganathan, G. K., Pipinos, I. I., Koutakis, P., Samal, A., et al. (2013). Morphometric analysis of gastrocnemius muscle biopsies from patients with peripheral arterial disease: objective grading of muscle degeneration. Am. J. Physiol. Regul. Integr. Comp. Physiol. 305, 291–299l. doi: 10.1152/ajpregu.00525.2012

Coffey, V. G., and Hawley, J. A. (2017). Concurrent exercise training: do opposites distract? J. Physiol. 595, 2883–2896. doi: 10.1113/JP272270

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences. Hillsdale, NJ: Lawrence Erlbaum Associates.

Colson, S., Martin, A., and Van Hoecke, J. (2000). Re-examination of training effects by electrostimulation in the human elbow musculoskeletal system. Int. J. Sports Med. 21, 281–288. doi: 10.1055/s-2000-8882

Delitto, A., Brown, M., Strube, M. J., Rose, S. J., and Lehman, R. C. (1989). Electrical stimulation of quadriceps femoris in an elite weight lifter: a single subject experiment. Int. J. Sports Med. 10, 187–191. doi: 10.1055/s-2007-1024898

Di Salvo, V., Gregson, W., Atkinson, G., Tordoff, P., and Drust, B. (2009). Analysis of high intensity activity in premier league soccer. Int. J. Sports Med. 30, 205–212. doi: 10.1055/s-0028-1105950

Dudley, G., and Stevenson, S. (2003). “Use of electrical stimulation in strength and power training,” in Strength and Power in Sport, 2nd Edn, ed. P. V. Komi (Oxford, UK: Blackwell Science Ltd).

Egerman, M. A., and Glass, D. J. (2014). Signaling pathways controlling skeletal muscle mass. Crit. Rev. Biochem. Mol. Biol. 49, 59–68. doi: 10.3109/10409238.2013.857291

Ekstrand, J., Hagglund, M., and Walden, M. (2011). Epidemiology of muscle injuries in professional football (soccer). Am. J. Sports Med. 39, 1226–1232. doi: 10.1177/0363546510395879

Filipovic, A., Grau, M., Kleinoder, H., Zimmer, P., Hollmann, W., and Bloch, W. (2016). Effects of a whole-body electrostimulation program on strength, sprinting, jumping, and kicking capacity in elite soccer players. J. Sports Sci. Med. 15, 639–648.

Filipovic, A., Kleinoder, H., Dormann, U., and Mester, J. (2012). Electromyostimulation–a systematic review of the effects of different electromyostimulation methods on selected strength parameters in trained and elite athletes. J. Strength Cond. Res. 26, 2600–2614. doi: 10.1519/JSC.0b013e31823f2cd1

Fyfe, J. J., Bishop, D. J., and Stepto, N. K. (2014). Interference between concurrent resistance and endurance exercise: molecular bases and the role of individual training variables. Sports Med. 44, 743–762. doi: 10.1007/s40279-014-0162-1

Gehlert, S., Bloch, W., and Suhr, F. (2015a). Ca2+-dependent regulations and signaling in skeletal muscle: from electro-mechanical coupling to adaptation. Int. J. Mol. Sci. 16, 1066–1095. doi: 10.3390/ijms16011066

Gehlert, S., Suhr, F., Gutsche, K., Willkomm, L., Kern, J., Jacko, D., et al. (2015b). High force development augments skeletal muscle signalling in resistance exercise modes equalized for time under tension. Pflugers Arch. 467, 1343–1356. doi: 10.1007/s00424-014-1579-y

Gehlert, S., Gutsche, K., Pricci, A., Schiffer, T., and Bloch, W. (2011). Zelluläre akutantwort auf kraftbeanspruchung: analyse initialer anpassungsprozesse der muskelzelle durch krafttraining verschiedener intensitäten und belastungsdauern. BISp-Jahrbuch 11, 17–22.

Gondin, J., Brocca, L., Bellinzona, E., D’Antona, G., Maffiuletti, N. A., Miotti, D., et al. (2011). Neuromuscular electrical stimulation training induces atypical adaptations of the human skeletal muscle phenotype: a functional and proteomic analysis. J. Appl. Physiol. 110, 433–450. doi: 10.1152/japplphysiol.00914.2010

Gondin, J., Guette, M., Ballay, Y., and Martin, A. (2005). Electromyostimulation training effects on neural drive and muscle architecture. Med. Sci. Sports Exerc. 37, 1291–1299. doi: 10.1249/01.mss.0000175090.49048.41

Goode, A. P., Reiman, M. P., Harris, L., DeLisa, L., Kauffman, A., Beltramo, D., et al. (2015). Eccentric training for prevention of hamstring injuries may depend on intervention compliance: a systematic review and meta-analysis. Br. J. Sports Med. 49, 349–356. doi: 10.1136/bjsports-2014-093466

Gregory, C. M., and Bickel, C. S. (2005). Recruitment patterns in human skeletal muscle during electrical stimulation. Phys. Ther. 85, 358–364.

Hortobagyi, T., and Maffiuletti, N. A. (2011). Neural adaptations to electrical stimulation strength training. Eur. J. Appl. Physiol. 111, 2439–2449. doi: 10.1007/s00421-011-2012-2

Izquierdo, M., Ibanez, J., Calbet, J. A., Navarro-Amezqueta, I., Gonzalez-Izal, M., Idoate, F., et al. (2009). Cytokine and hormone responses to resistance training. Eur. J. Appl. Physiol. 107, 397–409. doi: 10.1007/s00421-009-1139-x

Jacko, D., Bersiner, K., Friederichs, G., Ritter, P., Nirenberg, L., Eisenbraun, J., et al. (2018). Resistance exercise-induced muscle fatigue is not accompanied by increased phosphorylation of ryanodine receptor 1 at serine 2843. PLoS One 13:e0199307. doi: 10.1371/journal.pone.0199307

Jacko, D., Bersiner, K., Hebchen, J., de Marees, M., Bloch, W., and Gehlert, S. (2019). Phosphorylation of alphaB-crystallin and its cytoskeleton association differs in skeletal myofiber types depending on resistance exercise intensity and volume. J. Appl. Physiol. 126, 1607–1618. doi: 10.1152/japplphysiol.01038.2018

Jacobs, B. L., Goodman, C. A., and Hornberger, T. A. (2014). The mechanical activation of mTOR signaling: an emerging role for late endosome/lysosomal targeting. J. Muscle Res. Cell Motil. 35, 11–21. doi: 10.1007/s10974-013-9367-4

Jee, Y.-S. (2018). The efficacy and safety of whole-body electromyostimulation in applying to human body: based from graded exercise test. J. Exerc. Rehabil. 14, 49–57. doi: 10.12965/jer.1836022.011

Jubeau, M., Sartorio, A., Marinone, P. G., Agosti, F., Van Hoecke, J., Nosaka, K., et al. (2008). Comparison between voluntary and stimulated contractions of the quadriceps femoris for growth hormone response and muscle damage. J. Appl. Physiol. 104, 75–81. doi: 10.1152/japplphysiol.00335.2007

Kemmler, W., Fröehlich, M., von Stengel, S., and Kleinœder, H. (2016). Whole-body electromyostimulation – The need for common sense! rationale and guideline for a safe and effective training. German. J. Sports Med. 67, 218–220. doi: 10.5960/dzsm.2016.246

Kemmler, W., Teschler, M., Bebenek, M., and von Stengel, S. (2015). [(Very) high creatinkinase concentration after exertional whole-body electromyostimulation application: health risks and longitudinal adaptations]. Wien. Med. Wochenschr. 165, 427–435. doi: 10.1007/s10354-015-0394-1

Kemmler, W., Weissenfels, A., Willert, S., Shojaa, M., von Stengel, S., Filipovic, A., et al. (2018). Efficacy and Safety of Low Frequency Whole-Body Electromyostimulation (WB-EMS) to Improve Health-Related Outcomes in Non-athletic Adults. A Systematic Review. Front. Physiol. 9:573. doi: 10.3389/fphys.2018.00573

Kreuzer, S., Kleinoeder, H., and Mester, J. (2006). “Effects of whole body electro stimulation training and traditional strength training on various strength and blood parameter in juvenile elite water polo players,” in Book of Abstracts Lausanne, ECSS, Vol. 11, eds H. Hoppeler, T. Reilly, E. Tsolakidis, L. Gfeller, and S. Klossner (Cologne: Sportverlag Strauss), 264.

Maffiuletti, N. A., Cometti, G., Amiridis, I. G., Martin, A., Pousson, M., and Chatard, J. C. (2000). The effects of electromyostimulation training and basketball practice on muscle strength and jumping ability. Int. J. Sports Med. 21, 437–443. doi: 10.1055/s-2000-3837

Maffiuletti, N. A., Dugnani, S., Folz, M., Di Pierno, E., and Mauro, F. (2002a). Effect of combined electrostimulation and plyometric training on vertical jump height. Med. Sci. Sports Exerc. 34, 1638–1644. doi: 10.1249/01.MSS.0000031481.28915.56

Maffiuletti, N. A., Pensini, M., and Martin, A. (2002b). Activation of human plantar flexor muscles increases after electromyostimulation training. J. Appl. Physiol. 92, 1383–1392. doi: 10.1152/japplphysiol.00884.2001

Maffiuletti, N., Zory, R., Miotti, D., Pellegrino, M., Jubeau, M., and Bottinelli, R. (2006). Neuromuscular adaptations to electrostimulation resistance training. Am. J. Phys. Med. Rehabil. 85, 167–175. doi: 10.1097/01.phm.0000197570.03343.18

Malatesta, D., Cattaneo, F., Dugnani, S., and Maffiuletti, N. A. (2003). Effects of electromyostimulation training and volleyball practice on jumping ability. J. Strength Cond. Res. 17, 573–579. doi: 10.1519/00124278-200308000-00025

Martin, L., Cometti, G., Pousson, M., and Morlon, B. (1994). The influence of electrostimulation on mechanical and morphological characteristics of the triceps surae. J. Sports Sci. 12, 377–381. doi: 10.1080/02640419408732184

Micke, F., Kleinoder, H., Dormann, U., Wirtz, N., and Donath, L. (2018). Effects of an eight-week superimposed submaximal dynamic whole-body electromyostimulation training on strength and power parameters of the leg muscles: a randomized controlled intervention study. Front. Physiol. 9:1719. doi: 10.3389/fphys.2018.01719

Mohr, M., Krustrup, P., and Bangsbo, J. (2003). Match performance of high-standard soccer players with special reference to development of fatigue. J. Sports Sci. 21, 519–528. doi: 10.1080/0264041031000071182

Nosaka, K., Aldayel, A., Jubeau, M., and Chen, T. C. (2011). Muscle damage induced by electrical stimulation. Eur. J. Appl. Physiol. 111, 2427–2437. doi: 10.1007/s00421-011-2086-x

Paillard, T. (2008). Combined application of neuromuscular electrical stimulation and voluntary muscular contractions. Sports Med. 38, 161–177. doi: 10.2165/00007256-200838020-00005

Perez, M., Lucia, A., Rivero, J. L., Serrano, A. L., Calbet, J. A., Delgado, M. A., et al. (2002). Effects of transcutaneous short-term electrical stimulation on M. vastus lateralis characteristics of healthy young men. Pflugers Arch. 443, 866–874. doi: 10.1007/s00424-001-0769-6

Petrella, J. K., Kim, J. S., Mayhew, D. L., Cross, J. M., and Bamman, M. M. (2008). Potent myofiber hypertrophy during resistance training in humans is associated with satellite cell-mediated myonuclear addition: a cluster analysis. J. Appl. Physiol. 104, 1736–1742. doi: 10.1152/japplphysiol.01215.2007

Pettersen, S. A., Johansen, H. D., Baptista, I. A. M., Halvorsen, P., and Johansen, D. (2018). Quantified soccer using positional data: a case study. Front. Physiol. 9:866. doi: 10.3389/fphys.2018.00866

Pichon, F., Chatard, J. C., Martin, A., and Cometti, G. (1995). Electrical stimulation and swimming performance. Med. Sci. Sports Exerc. 27, 1671–1676.

Rassier, D. E. (2017). Sarcomere mechanics in striated muscles: from molecules to sarcomeres to cells. Am. J. Physiol. Cell Physiol. 313, C134–C145. doi: 10.1152/ajpcell.00050.2017

Requena Sanchez, B., Padial Puche, P., and Gonzalez-Badillo, J. J. (2005). Percutaneous electrical stimulation in strength training: an update. J. Strength Cond. Res. 19, 438–448. doi: 10.1519/13173.1

Sandilands, E., Schoenherr, C., and Frame, M. C. (2015). p70S6K is regulated by focal adhesion kinase and is required for Src-selective autophagy. Cell Signal. 27, 1816–1823. doi: 10.1016/j.cellsig.2015.05.017

Schroeder, E. T., Villanueva, M., West, D. D., and Phillips, S. M. (2013). Are acute post-resistance exercise increases in testosterone, growth hormone, and IGF-1 necessary to stimulate skeletal muscle anabolism and hypertrophy? Med. Sci. Sports Exerc. 45, 2044–2051. doi: 10.1249/MSS.0000000000000147

Schumann, M., Botella, J., Karavirta, L., and Häkkinen, K. (2017). Training-Load-Guided vs Standardized Endurance Training in Recreational Runners. Int. J. Sports Physiol. Perform. 12, 295–303. doi: 10.1123/ijspp.2016-0093

Stollberger, C., and Finsterer, J. (2019). Side effects of whole-body electro-myo-stimulation. Wien. Med. Wochenschr. 169, 173–180. doi: 10.1007/s10354-018-0655-x

Suarez-Arrones, L., Torreno, N., Requena, B., Saez De Villarreal, E., Casamichana, D., Barbero-Alvarez, J. C., et al. (2015). Match-play activity profile in professional soccer players during official games and the relationship between external and internal load. J. Sports Med. Phys. Fit. 55, 1417–1422.

Suchomel, T. J., Nimphius, S., Bellon, C. R., and Stone, M. H. (2018). The importance of muscular strength: training considerations. Sports Med. 48, 765–785. doi: 10.1007/s40279-018-0862-z

Terzis, G., Georgiadis, G., Stratakos, G., Vogiatzis, I., Kavouras, S., Manta, P., et al. (2008). Resistance exercise-induced increase in muscle mass correlates with p70S6 kinase phosphorylation in human subjects. Eur. J. Appl. Physiol. 102, 145–152. doi: 10.1007/s00421-007-0564-y

Terzis, G., Spengos, K., Mascher, H., Georgiadis, G., Manta, P., and Blomstrand, E. (2010). The degree of p70 S6k and S6 phosphorylation in human skeletal muscle in response to resistance exercise depends on the training volume. Eur. J. Appl. Physiol. 110, 835–843. doi: 10.1007/s00421-010-1527-2

Tiggemann, C. L., Korzenowski, A. L., Brentano, M. A., Tartaruga, M. P., Alberton, C. L., and Kruel, L. F. (2010). Perceived exertion in different strength exercise loads in sedentary, active, and trained adults. J. Strength Cond. Res. 24, 2032–2041. doi: 10.1519/JSC.0b013e3181d32e29

Ulbricht, A., Gehlert, S., Leciejewski, B., Schiffer, T., Bloch, W., and Hohfeld, J. (2015). Induction and adaptation of chaperone-assisted selective autophagy CASA in response to resistance exercise in human skeletal muscle. Autophagy 11, 538–546. doi: 10.1080/15548627.2015.1017186

Wilkinson, S. B., Tarnopolsky, M. A., Grant, E. J., Correia, C. E., and Phillips, S. M. (2006). Hypertrophy with unilateral resistance exercise occurs without increases in endogenous anabolic hormone concentration. Eur. J. Appl. Physiol. 98, 546–555. doi: 10.1007/s00421-006-0300-z

Willoughby, D. S., and Simpson, S. (1998). Supplemental EMS and dynamic weight training: effects on knee extensor strength and vertical jump of female college track & field athletes. J. Strength Cond. Res. 12, 131–137. doi: 10.1519/00124278-199808000-00001

Wirtz, N., Wahl, P., Kleinoder, H., Wechsler, K., Achtzehn, S., and Mester, J. (2015). Acute metabolic, hormonal, and psychological responses to strength training with superimposed EMS at the beginning and the end of a 6 week training period. J. Musculoskelet. Neuronal Interact. 15, 325–332.

Wirtz, N., Zinner, C., Doermann, U., Kleinoeder, H., and Mester, J. (2016). Effects of loaded squat exercise with and without application of superimposed EMS on physical performance. J. Sports Sci. Med. 15, 26–33.

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

The handling Editor declared a shared affiliation, though no other collaboration, with several of the authors AF, MG, AH, BS, TS, WB, and SG at the time of the review.

Copyright © 2019 Filipovic, DeMarees, Grau, Hollinger, Seeger, Schiffer, Bloch and Gehlert. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-10-01187-g005.jpg
Total p70 protein

m

Total mTor

<

Il Pre

Post

_|

e @ 9 @ 9
2 - o
:__mmmm 0} mm:m:o piod
o 8

oo

_|

_|

S ® 9 & 9
2 - o
:__wmmm 0} mm:m:o piod





OPS/images/fphys-10-01187-g004.jpg
>

Minor Axis (um)

Type | fibers
100
90~
804 o——= 2
70 z %
60+
51 EG TG cG
40 T T T T T T
Pre Post Pre Post Pre Post

*P<0.05

W

Minor Axis (um)

100+

80+
70+
60+
50+

40

EG

Type Il fibers

TG

CG

1
Pre

1
Post

1
Pre

1
Post

1
Pre

| |
Post





OPS/images/fphys-10-01187-g003.jpg





OPS/images/fphys-10-01187-g002.jpg
Individual Subjects

PRE-POST

e

Total mTOR
Total p70s6k

Alpha- Tubulin
CG TG EG TG EG Training group





OPS/images/fphys-10-01187-g001.jpg
Intervention Period (7-weeks, 2 Session/Week)

Jan

2nd Half of the Season (2-4 Soccer Sessions + 1 Match/Week)

v

Feb March April
Wk-2 Wk-1 Wk7 Wk8
Biopsy Strength Biopsy Strength

Baseline Posttest

May





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers
in Physiology

Superimposed Whole-Body
Electrostimulation Augments
Strength Adaptations and Type II
Myofiber Growth in Soccer Players
During a Competitive Season









OPS/images/fphys-10-01187-i001.jpg





OPS/images/fphys-10-01187-t001.jpg
Age (year)

244 +£4.2
214 1.9
23.6 £3.9

Height (m)

1.82 £0.03
1.83 £0.06
1.82 £0.05

Weight (kg)

81.4+53
79.7 £ 565
79.7+75

Bodyfat (%)

1294241
10828
141+ 3.6

VO,peak

52.1+34
56.3+ 5.7
543472

Sessions/week

34+12
34+13
26+0.7

Total training load (Polar Team-2)

3430.6 £ 910.7
3478.6 +£ 1722.8
2644.4 £ 1437.3






OPS/images/fphys-10-01187-t002.jpg
Group n Baseline Posttest Delta (baseline Post hoc Bonferroni Effect size

(MW =+ SD) (MW =+ SD) vs. Posttest) (%) correction (p-value) (Cohen’s d)
Bodyweight (kg) EG 10 81.4+53 817 +£54 03428 0.741 0.1
TG 10 79.2+5.7 79.7 £ 5.5 06+26 0.243 0.41
CG 8 80.2+7.3 80.9 £ 6.5 1.0+27 0.519 0.25
Bodyfat (%) EG 10 129+22 12.5+21 —-23+127 0.494 0.24
TG 10 106 £2.7 10.3+25 -3.0+79 0.176 0.01
CG 8 141+ 34 140+ 4.5 —-0.9+19.6 0.812 0.49
Leg press Rel. Fmax (N-kg™") EG 10 411+93 47.0 £ 11.1% 15.1 +£13.3 0.009 1.11
TG 9 433+ 11.5 46.7 £ 124 8.6+ 15.6 0.203 0.49
CG 8 419+11.4 43.8 +£16.9 4.3+ 14.9 0.436 0.31
Leg curl Rel. Fmax (N-kg~1) EG 10 179+15 19.3+2.2* 85+93 0.026 0.89
TG 9 174+ 24 182 +1.7 47 +£92 0.225 0.47
CG 8 16.6 £2.2 16.4 £ 2.3 29+47 0.796 0.10

Values are presented in means + SD, significant differences at *P < 0.05, **P < 0.01.





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-10-01187-t003.jpg
Muscle fiber type Group n Baseline (minor axis) Posttest (minor axis) Delta (baseline Post hoc Bonferroni Effect size

(MW + SD) (wm) (MW = SD) (wm) vs. posttest) (%) correction (p-value) (Cohen’s d)
Type | EG 8 69.39 + 5.03 72.18 £ 5.63 41+55 0.088 0.75
TG 9 71.83+5.10 72.90 + 4.40 1.8+7.9 0.599 0.19
CG 8 72.80 + 5.60 75.00 + 5.96 3.3+6.9 0.279 0.44
Typelll EG 8 7410+ 6.14 80.36 + 5.53* 8.9+85 0.023 1.10
TG 9 76.56 +£5.78 78.35 +7.38 2.6 +10.0 0.505 0.24
CG 8 77.75+7.67 79.23 +£5.08 2.7+ 10.5 0.629 0.19

Values are presented in means + SD, significant differences at *P < 0.05, **P < 0.01.





