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Purpose: The mechanisms involved in the coordination of muscle activity are not completely known: to investigate adaptive changes in human motor cortex Transcranial magnetic stimulation (TMS) was often used. The sport models are frequently used to study how the training may affect the corticospinal system excitability: Karate represents a valuable sport model for this kind of investigations for its high levels of coordination required to athletes. This study was aimed at examining possible changes in the resting motor threshold (rMT) and in the corticospinal response in karate athletes, and at determining whether athletes are characterized by a specific value of rMT.

Methods: We recruited 25 right-handed young karate athletes and 25 matched non-athletes. TMS was applied to primary motor cortex (M1). Motor evoked potential (MEP) were recorded by two electrodes placed above the first dorsal interosseous (FDI) muscle. We considered MEP latencies and amplitudes at rMT, 110% of rMT, and 120% of rMT.

Results: The two groups were similar for age (p > 0.05), height (p > 0.05) and body mass (p > 0.05). The TMS had a 70-mm figure-of-eight coil and a maximum output of 2.2 T, placed over the left motor cortex. During the stimulation, a mechanical arm kept the coil tangential to the scalp, with the handle at 45° respect to the midline. The SofTaxic navigator system (E.M.S. Italy, www.emsmedical.net) was used in order to correctly identifying and repeating the stimulation for every subject. Compared to non-athletes, athletes showed a lower resting motor threshold (p < 0.001). Furthermore, athletes had a lower MEP latency (p < 0.001) and a higher MEP amplitude (p < 0.001) compared to non-athletes. Moreover, a ROC curve for rMT was found significant (area: 0.907; sensitivity 84%, specificity 76%).

Conclusions: As the main finding, the present study showed significant differences in cortical excitability between athletes and non-athletes. The training can improve cortical excitability inducing athletes' modifications, as demonstrated in rMT and MEP values. These finding support the hypothesis that the sport practice determines specific brain organizations in relationship with the sport challenges.
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INTRODUCTION

Motor training and professional experience lead to great changes in the brain (Penhune and Steele, 2012; Hardwick et al., 2013; Dai et al., 2016). As previously described in many electrophysiological studies, activation patterns of neurons in different brain areas are related to various cortical networks after long-term training (Fourkas et al., 2008; Wei and Luo, 2010; Schlaffke et al., 2014). Observing action of dancing with the mirror systems, it was described that the trained athletes showed greater bilateral activations in motor-related cortical areas (Calvo-Merino et al., 2005). For investigating various aspects of human neurophysiology, with a focus on corticospinal function, single-pulse transcranial magnetic stimulation (TMS) represent a useful tool (Fitzgerald et al., 2006). In classic TMS experiments, motor evoked potentials (MEPs) from muscles activities are recorded thanks to electromyographic (EMG) electrodes after stimulation of the primary motor cortex (M1). The threshold intensity can be defined as the intensity that evokes MEPs of a given amplitude during consecutive trials in a muscle. The intensity of TMS can be set to a percentage of this threshold intensity, but, since it is different for every subject, a measurement of this threshold has to be done (Wassermann, 1998).

TMS is well appreciated in the characterization of the neuromuscular responses to cortical stimulation. It has been used to study pathological conditions (Rothwell, 2011), mechanisms of fatigue in small, isolated muscle groups (Taylor and Gandevia, 2008), corticospinal contributions to human gait (Goodall et al., 2014), and acute neural adaptations following strength training (Carroll et al., 2001; Gruber et al., 2009; Tibullo et al., 2013; Moscatelli et al., 2016c).

To investigate adaptive changes in human motor cortex TMS and neuroimaging techniques were largely used (Pascual-Leone et al., 1995; Missitzi et al., 2011; Chieffi et al., 2014; Viggiano et al., 2016), contributing to the understanding of how brain networks organize the optimal motor programs which coordinate muscle activity involved in several tasks of motor learning (Nielsen and Cohen, 2008). In TMS studies, motor cortex excitability has become fundamental for the assessment of the MEP of peripheral muscles (Lee et al., 2010). The sports activity can be repetitive or situational: in the repetitive model, such as ballistic movements of the fingers, the motor cortex adaptations showed similarities with motor learning processes. The repetitive training is associated with an immediate increase in MEP response, and it was shown are in cross-sectional studies that there are similar changes among subjects with different degrees of motor skill (Selvanayagam et al., 2011).

Karate is one of the most popular martial arts practiced worldwide. Karate contains two main practices (i.e., kata and kumite). Kata represents a demonstrating pre-arranged form of methods of defense, attack, and counter attack. In this training, a performance of set sequences of basic techniques in a fight with an imaginary opponent is performed. Kumite represents the process of sparring utilizing karate skills performed by two opponents. Kumite requires the karateka, a rapid choice of the adequate action pattern to defense and attack (Tan, 2004; Tabben et al., 2013; Chaabne et al., 2015). High technical skills (i.e., kick and punch) are required in fight (i.e., kumite) and high levels of precision and velocity are needed to execute the right movements for attack and defense (Kim and Petrakis, 1998; Mori et al., 2002; Chieffi et al., 2014; Viggiano et al., 2014; Messina et al., 2015). In addition, cognitive abilities and efficient attentional processes influence the technical performance in karate allowing more time for the organization of motor behavior; furthermore, quick and correct responses are ensured to visuospatial stimuli (Andreato et al., 2013; Bridge et al., 2014). Karate, with its high levels of coordination required, was found ideal to investigate the effects of training on athletes' corticospinal system excitability (Moscatelli et al., 2015). Moreover, it was found that the motor control differences between expert and novice karate athletes are strictly related to white matter structure in M1 and in the cerebellum (Roberts et al., 2013).

In general, karate athletes tend to show better physical fitness indices compared with their control such as higher muscular endurance and flexibility. Moreover, about the DTI studies data athletic groups show significantly lower fractional anisotropy (FA) and marginally higher mean diffusivity (MD) values in the globus pallidus internal segment (GPi) compared with control group. These findings suggest that professional sport is associated with changes in white matter integrity in specific regions of the basal ganglia (Chang et al., 2015).

The specific behavioral demands of the training experience can highly influence the motor cortex reorganization. Comparing less proficient players and non-playing controls with highly skilled racket players were found a larger hand motor representation together with higher MEP amplitudes (Pearce et al., 2000; Barone et al., 2017). Similar results were reported analyzing highly skilled volleyball players vs. runners, showing, the former, higher overlapped representations of carpi radials muscles and medial deltoid (Tyc et al., 2005). Furthermore, recent studies showed that there is a correlation between motor coordination and cortical excitability (Moscatelli et al., 2016a), and between muscle fatigue and cortical excitability (Moscatelli et al., 2016b,c). The aim of this study was to verify whether Karate athletes have a different resting motor threshold (rMT) and corticospinal response (MEP) compared to controls. Moreover, using Receiver Operating Characteristic (ROC) curve, we investigated if athletes are characterized by a specific value of rMT.

MATERIALS AND METHODS

Subjects

We enrolled 25 karate athletes and 25 matched non-athletes were recruited (the anthropometric measurement in Table 1). All the athletes were males, and right-handed, as assessed by Edinburgh Handedness Inventory (Oldfield, 1971). All procedures were conformed to the directives of the Declaration of Helsinki and were approved by the Institutional Ethical Committee of the University of Foggia. The athletes were Caucasian karate black belts. They competed at national and international levels; they trained at least five 2-h sessions every week during the previous 5 years. The control group was composed of people did not engage in any competitive or amateur sport. Two days before the recordings, all subjects did not perform physical activity. An informed consent was subscribed by all participants: all possible risks correlated with the experimental model were illustrated. Moreover, a medical assessment confirmed the absence of psychoactive or vasoactive medication assumption, risk factors, and any kind of contraindications (Rossini et al., 2015). All subjects sign an informed consent before the experimental task.


Table 1. Anthropometric characteristics of the experimental groups.
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Methodology

During the experimentation, the testing was done under well-established standard conditions: for example, all measurements were carried out between 2:00 and 4:00 p.m.; furthermore, the environmental conditions were the same for each test (comfortable armchair, quiet room, elbow positioned at 90° flexion). The TMS had a 70-mm figure-of-eight coil and a maximum output of 2.2 T (Magstim Rapid2, The Magstim Company Ltd, UK). The coil was placed over the left motor cortex. During the stimulation, a mechanical arm kept the coil tangential to the scalp, with the handle at 45° respect to the midline. We used the SofTaxic navigator system (E.M.S. Italy, www.emsmedical.net) to correctly identify and repeat the stimulation for every subject. Individual resting motor threshold (rMT) was determined by stimulating the left primary motor cortex, following a standardized procedure (Rossini et al., 1994). Evoked muscle responses were recorded using the BioPack MP150 (BIOPAC Systems, Inc., CA, USA), through two surface electrodes (1 cm of diameter) placed over the left index finger: the active electrode was placed over the first dorsal interosseous (FDI) muscle; the reference electrode was placed over the associated joint or tendon; the ground electrode was placed over the dorsal part of the forearm. The recorded EMG signals were pre-processed and analyzed offline, using the Acknowledge software, version 4.1 (BIOPAC Systems, Inc., CA, USA) with a high pass filter (frequency cutoff: 10 Hz).

The signal analysis was focused to extract three neurophysiological parameters: rMT, MEP latency, and MEP amplitude. MEP is the electrical potential recorded from a muscle after a direct stimulation of the motor cortex if its intensity is higher than the rMT. This threshold can be defined as the lowest intensity needed to have the 50% probability of eliciting a 50 μV MEP when the muscle is completely relaxed. This value varies among the population and different muscles. rMT was measured at rest, expressed as a percentage of the maximal stimulator output.

Therefore, to ensure the same relative intensity of stimulation for every subject, the intensity of stimulation was set at 110–120% of the rMT, the “basic unit of dosing” (Borckardt et al., 2006). MEP latencies (i.e., the velocity at which the neural signal is propagated from the motor cortex to the muscle) and amplitudes (i.e., the magnitude of corticospinal excitability) at rMT, 110% of rMT (110%rMT), and 120% of rMT (120%rMT) were measured by means of the recordings.

MEP latency was the time between the trigger itself (onset of the square wave) and the start of muscle response. For rMT condition, five responses were averaged. For 110% rMT and 120% rMT conditions, we averaged ten successive responses.

Statistical Analysis

R Project for Statistical Computing software (version 3.1.0) was used for the statistical analysis. Significance was set at p < 0.05. The normality of distribution of variables was checked using the Shapiro–Wilk test. The differences between groups for rMT were evaluated using t-test. The differences between groups for MEP latency and amplitude was tested using repeated measure ANOVA, followed by Tukey's HSD (honest significant difference) as post-hoc comparisons. The classification rate was computed by the analysis of the ROC curve (DeLong et al., 1988).

RESULTS

During the experiments, no adverse effects or discomfort were reported.

Compared to controls (64.9 ± 4.6% of maximum output), karate athletes had a lower (p < 0.01) rMT (57.1 ± 4.2% of maximum output). The result is shown in Figure 1.
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FIGURE 1. Differences between athletes and non-athletes in resting motor threshold, **p < 0.001.



Furthermore, in karate athletes a shorter MEP latencies were observed [F(5, 144) = 26.13; p < 0.0001] respect to the control group. Post-hoc analysis showed differences between groups for rMT (p < 0.01), for 110% rMT (p < 0.01), and for 120%rMT (p < 0.01).

Moreover, in karate athletes a higher MEP amplitudes were observed [F(3, 92) = 217.7; p < 0.0001] respect to the control group. Post-hoc analysis showed differences between groups for 110% rMT (p < 0.01; Table 2).


Table 2. Motor evoked potential latency and amplitude results.
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In Figure 2 is shown the ROC analysis of the sensitivity and specificity of the resting motor threshold considering the whole of karate athletes population after TMS. P values were from the comparisons of the ROC AUC (area under curve) of specificity vs. ROC AUC of sensitivity, **p < 0.001 (sensitivity 84%, specificity 76%; accuracy 80%; area 0.907).
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FIGURE 2. ROC curve of the resting motor threshold considering the whole of population, **p < 0.001.



DISCUSSION

As the main finding, this study showed that athletes had significant differences in cortical excitability compared to non-athletes and are characterized by a specific value of rMT as showed by ROC curve. Moreover, MEP response showed that athletes had lower rMT (%), shorter MEP latency (ms), and higher MEP amplitude (mV) compared to non-athletes. These findings support the hypothesis that training results in specific changes in brain cortex connectivity to meet specific sport challenges.

People faced continuously the opportunity to learn and perform their own motor skills, being motor control an essential part of life. Motor skills how well neural plasticity and cortical reorganization influence can be acquired and learned. The cortical representations are increased with the use and repetition through motor practice. According to literature (Nielsen and Cohen, 2008), different M1 excitability reflects the neural plasticity substrate responsible for the acquisition and maintenance of specific motor skills. Similarly, decrease in rMT was seen in subjects trained to produce skilled finger movements (piano playing). Furthermore, compared to controls, subjects trained on skilled ankle (Perez et al., 2004) and tongue tasks (Svensson et al., 2006) showed increased MEP amplitude and enhanced movement-representation areas.

The effect of motor learning was investigated with neuroanatomical, imaging, neuromagnetic, and electrophysiological studies. These studies revealed a higher activation in the contralateral primary sensory cortex, the dorsal premotor cortex, the supplementary motor area, the secondary sensory cortex bilaterally, and the posterior parietal cortex (Golaszewski et al., 2004; Wu et al., 2005; Manto et al., 2006; Messina et al., 2014, 2016; Moscatelli et al., 2016b). Moreover, it was established a ready neuromuscular adaptation due to resistance exercise training (Hortobágyi et al., 1996; Aagaard et al., 2001, 2002; Li Volti et al., 2011). Thanks to some direct measurements (e.g. histological staining, CT, and fMRI), many morphological changes can be determined although they cannot completely explain the acute responses to motor tasks and resistance exercise. Those are reasonable neural-derived during the early phases of training (Hortobágyi et al., 1996; Aagaard et al., 2001, 2002).

Changes in rMT and MEP values in athletes might be due to the plasticity of the motor cortex related to sport practice, expression of an increased cortical excitability, which might be in turn attributed to plasticity of the motor cortex. It is commonly accepted that an increased MEP amplitude is an index of the plasticity response due to motor skill learning (Francavilla et al., 2008; Cirillo et al., 2011). In fact, MEP amplitude of the target muscles increased after a simple motor-training intervention. This was considered a reflection of the use-dependent plasticity, via long-term potentiation-like mechanisms in brain cortex (Goodall et al., 2014; Grospretre et al., 2015; Pomara et al., 2016). In other studies was described that visuomotor tracking tasks in young subjects provokes the increase in MEP amplitude (Perez et al., 2004; Todd et al., 2009; Viggiano et al., 2014); such complex tasks require a specific high attentional focus, to reach higher levels of performance, and rely on processes within cortical circuits (McNevin et al., 2000). The continuous practice of movements, like the ballistic movements of the fingers, lead to adaptations within the motor cortex similar to motor learning related adaptations.

The performance improvement is usually accompanied by an immediate increase in MEP response (Missitzi et al., 2011). Another result showed how a single session of strength training induces changes in corticospinal excitability similar to those obtained after the early steps of a ballistic motor learning task (Selvanayagam et al., 2011). The results of this study have shown that also a single session of strength training brings to neural changes similar to those related to the ballistic motor learning. Several studies described the reorganization of functional representation in the sensorimotor cortex (Alagona et al., 2009; Selvanayagam et al., 2011). Evidence for the effects of motor training and skill acquisition on the functional representation of the hand has come from studies on the monkeys and in subjects learning a one-handed five-finger exercise on the piano (Pascual-Leone et al., 1995). TMS-based experiments studied the corticospinal excitability during motor training. Most of the results showed that the changes due to the training are related to a MEP amplitude increase in the target muscles. Furthermore, it was seen that even a few-minutes training may induce changes in cortical excitability, changes that last several minutes (Gallasch et al., 2009). Unfortunately, there are no studies investigating long-term training effects. On the other hand, a lot of TMS studies reported enhancement of MEP amplitude during motor imagery (MI) for upper and lower limb movements (Buccino et al., 2001; Muellbacher et al., 2002; Grospretre et al., 2015; Moscatelli et al., 2016c), reflecting an increase in the cortical-spinal excitability. As an example, MEP threshold resulted lower during MI, maybe due to a higher neuronal response to the magnetic stimulation (Muellbacher et al., 2002) and a lower intracortical inhibition. MI of hand was also seen bringing to a spread of those brain areas which control the opponents pollicis muscles and the abductor digiti minimi (Viggiano et al., 2016). This experimental evidence showed that cortical cell responsiveness might increase during MI, allowing the recruitment of a larger number of neural structures when discharging a magnetic pulse.

The differences between athlete and non-athletes in this study could be attributed to a better training-related cortical connectivity in karate athletes. Of note, adult brains can modify their organization throughout physiological mechanisms (i.e., the repetitions of a simple movement; Pearce et al., 2000). If the environment changes, the brain plasticity enables the nervous system to ensure the muscles activation to serve the behavioral goal; more recently it was reported that the brain plasticity is determined by a genetic component (Missitzi et al., 2011; Salomone et al., 2013; Valenzano et al., 2016).

To our knowledge, this study is the first investigation regarding the specific effect of long term training in the brain. In this study emerged that athletes show higher cortical excitability of M1 and are characterized by a specific value of rMT. However, future studies might be focused on the explanation of the nature of the emerging differences in cortical excitability between trained and not trained subjects.

ETHICS STATEMENT

All procedures are conformed to the directives of the Declaration of Helsinki. The Institutional Ethics Committee of the University of Foggia approved the study. All subjects gave their written informed consent before participation.

AUTHOR CONTRIBUTIONS

VM, AV, FM, AM: Conceived the study, participated in its design. MS, FS, AT, LC, GaMa, VD, LC, MR, MG, FP: Contributed to the conception and design. AV, VM, FM, GM, AM wrote manuscript. MC, CZ, AnVi, MM, GC, GM drafted the article and revised it critically for important intellectual content; GM, AM: Final approval of the version to be published. All authors read and approved the final manuscript.

FUNDING

This study was supported by grants of “Section of Human Physiology and Unit of Dietetic and Sport Medicine and Department of Experimental Medicine,” Università degli Studi della Campania “L. Vanvitelli”.

REFERENCES

 Aagaard, P., Andersen, J. L., Dyhre-Poulsen, P., Leffers, A. M., Wagner, A., Peter Magnusson, S., et al. (2001). A mechanism for increased contractile strength of human pennate muscle in response to strength training: changes in muscle architecture. J. Physiol. 534, 613–623. doi: 10.1111/j.1469-7793.2001.t01-1-00613.x

 Aagaard, P., Simonsen, E. B., Andersen, J. L., Magnusson, P., and Dyhre-Poulsen, P. (2002). Neural adaptation to resistance training: changes in evoked V-wave and H-reflex responses. J. Appl. Physiol. 92, 2309–2318. doi: 10.1152/japplphysiol.01185.2001

 Alagona, G., Coco, M., Rapisarda, G., Costanzo, E., Maci, T., Restivo, D., et al. (2009). Changes of blood lactate levels after repetitive transcranial magnetic stimulation. Neurosci. Lett. 450, 111–113. doi: 10.1016/j.neulet.2008.11.064

 Andreato, L. V., Franchini, E., De Moraes, S. M. F., Pastório, J. J., da Silva, D. F., Esteves, J. V., et al. (2013). Physiological and technical-tactical analysis in brazilian jiu-jitsu competition. Asian J. Sports Med. 4, 137–143.

 Barone, R., Pitruzzella, A., Marino Gammazza, A., Rappa, F., Salerno, M., Barone, F., et al. (2017). Nandrolone decanoate interferes with testosterone biosynthesis altering blood-testis barrier components. J. Cell Mol. Med. 21, 1636–1647. doi: 10.1111/jcmm.13092

 Borckardt, J. J., Nahas, Z., Koola, J., and George, M. S. (2006). Estimating resting motor thresholds in transcranial magnetic stimulation research and practice: a computer simulation evaluation of best methods. J. ECT 22, 169–175. doi: 10.1097/01.yct.0000235923.52741.72

 Bridge, C. A., Ferreira Da Silva Santos, J., Chaabène, H., Pieter, W., and Franchini, E. (2014). Physical and physiological profiles of Taekwondo athletes. Sport. Med. 44, 713–733. doi: 10.1007/s40279-014-0159-9

 Buccino, G., Binkofski, F., Fink, G. R., Fadiga, L., Fogassi, L., Gallese, V., et al. (2001). Action observation activates premotor and parietal areas in a somatotopic manner: an fMRI study. Eur. J. Neurosci. 13, 400–404. doi: 10.1046/j.1460-9568.2001.01385.x

 Calvo-Merino, B., Glaser, D. E., Grèzes, J., Passingham, R. E., and Haggard, P. (2005). Action observation and acquired motor skills: an fMRI study with expert dancers. Cereb. Cortex 15, 1243–1249. doi: 10.1093/cercor/bhi007

 Carroll, T. J., Riek, S., and Carson, R. G. (2001). Corticospinal responses to motor training revealed by transcranial magnetic stimulation. Exerc. Sport Sci. Rev. 29, 54–59. doi: 10.1097/00003677-200104000-00003

 Chaabne, H., Franchini, E., Sterkowicz, S., Tabben, M., Hachana, Y., and Chamari, K. (2015). Physiological responses to karate specific activities. Sci. Sport 30, 179–187. doi: 10.1016/j.scispo.2015.03.002

 Chang, Y. K., Tsai, J. H., Wang, C. C., and Chang, E. C. (2015). Structural differences in basal ganglia of elite running versus martial arts athletes: a diffusion tensor imaging study. Exp. Brain Res. 233, 2239–2248. doi: 10.1007/s00221-015-4293-x

 Chieffi, S., Iavarone, A., Iaccarino, L., La Marra, M., Messina, G., De Luca, V., et al. (2014). Age-related differences in distractor interference on line bisection. Exp. Brain Res. 232, 3659–3664. doi: 10.1007/s00221-014-4056-0

 Cirillo, J., Todd, G., and Semmler, J. G. (2011). Corticomotor excitability and plasticity following complex visuomotor training in young and old adults. Eur. J. Neurosci. 34, 1847–1856. doi: 10.1111/j.1460-9568.2011.07870.x

 Dai, W., Pi, Y. L., Ni, Z., Tan, X. Y., Zhang, J., and Wu, Y. (2016). Maintenance of balance between motor cortical excitation and inhibition after long-term training. Neuroscience 336, 114–122. doi: 10.1016/j.neuroscience.2016.08.053

 DeLong, E. R., DeLong, D. M., and Clarke-Pearson, D. L. (1988). Comparing the areas under two or more correlated receiver operating characteristic curves: a nonparametric approach. Biometrics 44, 837–845. doi: 10.2307/2531595

 Fitzgerald, P. B., Fountain, S., and Daskalakis, Z. J. (2006). A comprehensive review of the effects of rTMS on motor cortical excitability and inhibition. Clin. Neurophysiol. 117, 2584–2596. doi: 10.1016/j.clinph.2006.06.712

 Fourkas, A. D., Bonavolontà, V., Avenanti, A., and Aglioti, S. M. (2008). Kinesthetic imagery and tool-specific modulation of corticospinal representations in expert tennis players. Cereb. Cortex 18, 2382–2390. doi: 10.1093/cercor/bhn005

 Francavilla, V. C., Abricnani, M., Braschi, A., and Francavilla, C. (2008). Utility of QT dispersion in sports medicine. Medicina dello Sport 61, 477–485. Available online at: https://www.scopus.com/sourceid/19892?origin=recordpage

 Gallasch, E., Christova, M., Krenn, M., Kossev, A., and Rafolt, D. (2009). Changes in motor cortex excitability following training of a novel goal-directed motor task. Eur. J. Appl. Physiol. 105, 47–54. doi: 10.1007/s00421-008-0871-y

 Golaszewski, S. M., Siedentopf, C. M., Koppelstaetter, F., Rhomberg, P., Guendisch, G. M., Schlager, A., et al. (2004). Modulatory effects on human sensorimotor cortex by whole-hand afferent electrical stimulation. Neurology 62, 2262–2269. doi: 10.1212/WNL.62.12.2262

 Goodall, S., Howatson, G., Romer, L., and Ross, E. (2014). Transcranial magnetic stimulation in sport science: a commentary. Eur. J. Sport Sci. 14 (Suppl 1), S332–S340. doi: 10.1080/17461391.2012.704079

 Grospretre, S., Ruffino, C., and Lebon, F. (2015). Motor imagery and cortico-spinal excitability: a review. Eur. J. Sport Sci. 16, 317–324. doi: 10.1080/17461391.2015.1024756

 Gruber, M., Linnamo, V., Strojnik, V., Rantalainen, T., and Avela, J. (2009). Excitability at the motoneuron pool and motor cortex is specifically modulated in lengthening compared to isometric contractions. J. Neurophysiol. 101, 2030–2040. doi: 10.1152/jn.91104.2008

 Hardwick, R. M., Rottschy, C., Miall, R. C., and Eickhoff, S. B. (2013). A quantitative meta-analysis and review of motor learning in the human brain. Neuroimage 67, 283–297. doi: 10.1016/j.neuroimage.2012.11.020

 Hortobágyi, T., Hill, J. P., Houmard, J. A., Fraser, D. D., Lambert, N. J., and Israel, R. G. (1996). Adaptive responses to muscle lengthening and shortening in humans. J. Appl. Physiol. 80, 765–772.

 Kim, H. S., and Petrakis, E. (1998). Visuoperceptual speed of karate practitioners at three levels of skill. Percept. Mot. Skills 87, 96–98. doi: 10.2466/pms.1998.87.1.96

 Lee, M., Hinder, M. R., Gandevia, S. C., and Carroll, T. J. (2010). The ipsilateral motor cortex contributes to cross-limb transfer of performance gains after ballistic motor practice. J. Physiol. 588, 201–212. doi: 10.1113/jphysiol.2009.183855

 Li Volti, G., Salomone, S., Sorrenti, V., Mangiameli, A., Urso, V., Siarkos, I., et al. (2011). Effect of silibinin on endothelial dysfunction and ADMA levels in obese diabetic mice. Cardiovasc. Diabetol. 10:62. doi: 10.1186/1475-2840-10-62

 Manto, M., Oulad Ben Taib, N., and Luft, A. R. (2006). Modulation of excitability as an early change leading to structural adaptation in the motor cortex. J. Neurosci. Res. 83, 177–180. doi: 10.1002/jnr.20733

 McNevin, N. H., Wulf, G., and Carlson, C. (2000). Effects of attentional focus, self-control, and dyad training on motor learning: implications for physical rehabilitation. Phys. Ther. 80, 373–385. doi: 10.1093/ptj/80.4.373

 Messina, G., Di Bernardo, G., Viggiano, A., De Luca, V., Monda, V., Messina, A., et al. (2016). Exercise increases the level of plasma orexin A in humans. J. Basic Clin. Physiol. Pharmacol. 27, 611–616. doi: 10.1515/jbcpp-2015-0133

 Messina, G., Palmieri, F., Monda, V., Messina, A., Dalia, C., Viggiano, A., et al. (2015). Exercise causes muscle glut4 translocation in an insulin-independent manner. Biol. Med. 7, 006. doi: 10.4172/0974-8369.1000s3007

 Messina, G., Viggiano, A., Tafuri, D., Palmieri, F., De Blasio, S., Messina, A., et al. (2014). Role of orexin in obese patients in the intensive care unit. J. Anesth. Clin. Res. 5:1000395. doi: 10.4172/2155-6148.1000395

 Missitzi, J., Gentner, R., Geladas, N., Politis, P., Karandreas, N., Classen, J., et al. (2011). Plasticity in human motor cortex is in part genetically determined. J. Physiol. 589, 297–306. doi: 10.1113/jphysiol.2010.200600

 Mori, S., Ohtani, Y., and Imanaka, K. (2002). Reaction times and anticipatory skills of karate athletes. Hum. Mov. Sci. 21, 213–230. doi: 10.1016/S0167-9457(02)00103-3

 Moscatelli, F., Messina, G., Valenzano, A., Monda, V., Viggiano, A., Messina, A., et al. (2016a). Functional assessment of corticospinal system excitability in karate athletes. PLoS ONE 11:e0155998. doi: 10.1371/journal.pone.0155998

 Moscatelli, F., Messina, G., Valenzano, A., Petito, A., Triggiani, A. I., Ciliberti, M. A. P., et al. (2015). Relationship between RPE and blood lactate after fatiguing handgrip exercise in taekwondo and sedentary subjects. Biol. Med. S3:008. doi: 10.4172/0974-8369.1000S3008

 Moscatelli, F., Messina, G., Valenzano, A., Petito, A., Triggiani, A. I., Messina, A., et al. (2016b). Differences in corticospinal system activity and reaction response between karate athletes and non-athletes. Neurol. Sci. 37, 1947–1953. doi: 10.1007/s10072-016-2693-8

 Moscatelli, F., Valenzano, A., Petito, A., Triggiani, A. I., Ciliberti, M. A. P., Luongo, L., et al. (2016c). Relationship between blood lactate and cortical excitability between taekwondo athletes and non-athletes after hand-grip exercise. Somatosens. Mot. Res. 33, 137–144. doi: 10.1080/08990220.2016.1203305

 Muellbacher, W., Ziemann, U., Wissel, J., Dang, N., Kofler, M., Facchini, S., et al. (2002). Early consolidation in human primary motor cortex. Nature 7, 640–644. doi: 10.1038/nature712

 Nielsen, J. B., and Cohen, L. G. (2008). The Olympic brain. Does corticospinal plasticity play a role in acquisition of skills required for high-performance sports? J. Physiol. 586, 65–70. doi: 10.1113/jphysiol.2007.142661

 Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)90067-4

 Pearce, A. J., Thickbroom, G. W., Byrnes, M. L., and Mastaglia, F. L. (2000). Functional reorganisation of the corticomotor projection to the hand in skilled racquet players. Exp. Brain Res. 130, 238–243. doi: 10.1007/s002219900236

 Pascual-Leone, A., Nguyet, D., Cohen, L. G., Brasil-Neto, J. P., Cammarota, A., and Hallett, M. (1995). Modulation of muscle responses evoked by transcranial magnetic stimulation during the acquisition of new fine motor skills. J. Neurophysiol. 74, 1037–1045.

 Penhune, V. B., and Steele, C. J. (2012). Parallel contributions of cerebellar, striatal and M1 mechanisms to motor sequence learning. Behav. Brain Res. 226, 579–591. doi: 10.1016/j.bbr.2011.09.044

 Perez, M. A., Lungholt, B. K. S., Nyborg, K., and Nielsen, J. B. (2004). Motor skill training induces changes in the excitability of the leg cortical area in healthy humans. Exp. Brain Res. 159, 197–205. doi: 10.1007/s00221-004-1947-5

 Pomara, C., Barone, R., Marino Gammazza, A., Sangiorgi, C., Barone, F., Pitruzzella, A., et al. (2016). Effects of nandrolone stimulation on testosterone biosynthesis in leydig cells. J. Cell. Physiol. 231, 1385–1391. doi: 10.1002/jcp.25272

 Roberts, R. E., Anderson, E. J., and Husain, M. (2013). White matter microstructure and cognitive function. Neuroscientist 19, 8–15. doi: 10.1177/1073858411421218

 Rossini, P. M., Barker, A. T., Berardelli, A., Caramia, M. D., Caruso, G., Cracco, R. Q., et al. (1994). Non-invasive electrical and magnetic stimulation of the brain, spinal cord and roots: basic principles and procedures for routine clinical application. Report of an IFCN committee. Electroencephalogr. Clin. Neurophysiol. 91, 79–92. doi: 10.1016/0013-4694(94)90029-9

 Rossini, P. M., Burke, D., Chen, R., Cohen, L. G., Daskalakis, Z., Di, I. R., et al. (2015). Non-invasive electrical and magnetic stimulation of the brain, spinal cord, roots and peripheral nerves: Basic principles and procedures for routine clinical and research application. An updated report from an I.F.C.N. Committee 3. Clin. Neurophysiol. 126, 1071–1077. doi: 10.1016/j.clinph.2015.02.001

 Rothwell, J. C. (2011). Using transcranial magnetic stimulation methods to probe connectivity between motor areas of the brain. Hum. Mov. Sci. 30, 906–915. doi: 10.1016/j.humov.2010.07.007

 Salomone, F., Barbagallo, I., Puzzo, L., Piazza, C., and Li Volti, G. (2013). Efficacy of adipose tissue-mesenchymal stem cell transplantation in rats with acetaminophen liver injury. Stem Cell Res. 11:1037–1044. doi: 10.1016/j.scr.2013.07.003

 Schlaffke, L., Lissek, S., Lenz, M., Brüne, M., Juckel, G., Hinrichs, T., et al. (2014). Sports and brain morphology - A voxel-based morphometry study with endurance athletes and martial artists. Neuroscience 259, 35–42. doi: 10.1016/j.neuroscience.2013.11.046

 Selvanayagam, V. S., Riek, S., and Carroll, T. J. (2011). Early neural responses to strength training. J. Appl. Physiol. 111, 367–375. doi: 10.1152/japplphysiol.00064.2011

 Svensson, P., Romaniello, A., Wang, K., Arendt-Nielsen, L., and Sessle, B. J. (2006). One hour of tongue-task training is associated with plasticity in corticomotor control of the human tongue musculature. Exp. Brain Res. 173, 165–173. doi: 10.1007/s00221-006-0380-3

 Tabben, M., Sioud, R., Haddad, M., Franchini, E., Chaouachi, A., Coquart, J., et al. (2013). Physiological and perceived exertion responses during international karate kumite competition. Asian J. Sports Med. 4, 263–271. doi: 10.5812/asjsm.34246

 Tan, K. S. Y. (2004). Constructing a martial tradition: rethinking a popular history of karate-dou. J. Sport Soc. 28, 169–192. doi: 10.1177/0193723504264772

 Taylor, J. L., and Gandevia, S. C. (2008). A comparison of central aspects of fatigue in submaximal and maximal voluntary contractions. J. Appl. Physiol. 104, 542–550. doi: 10.1152/japplphysiol.01053.2007

 Tibullo, D., Barbagallo, I., Giallongo, C., La Cava, P., Parrinello, N., Vanella, L., et al. (2013). Nuclear translocation of heme oxygenase-1 confers resistance to imatinib in chronic myeloid leukemia cells. Curr. Pharm. Des. 19, 2765–2770.

 Todd, G., Rogasch, N. C., Flavel, S. C., and Ridding, M. C. (2009). Voluntary movement and repetitive transcranial magnetic stimulation over human motor cortex. J. Appl. Physiol. 106, 1593–1603. doi: 10.1152/japplphysiol.91364.2008

 Tyc, F., Boyadjian, A., and Devanne, H. (2005). Motor cortex plasticity induced by extensive training revealed by transcranial magnetic stimulation in human. Eur. J. Neurosci. 21, 259–266. doi: 10.1111/j.1460-9568.2004.03835.x

 Valenzano, A., Moscatelli, F., Triggiani, A. I., Capranica, L., De Ioannon, G., Piacentini, M. F., et al. (2016). Heart-rate changes after an ultraendurance swim from italy to albania: a case report. Int. J. Sports Physiol. Perform 11, 407–409. doi: 10.1123/ijspp.2015-0035

 Viggiano, A., Chieffi, S., Tafuri, D., Messina, G., Monda, M., and De Luca, B. (2014). Laterality of a second player position affects lateral deviation of basketball shooting. J. Sports Sci. 32, 46–52. doi: 10.1080/02640414.2013.805236

 Viggiano, E., Monda, V., Messina, A., Moscatelli, F., Valenzano, A., Tafuri, D., et al. (2016). Cortical spreading depression produces a neuroprotective effect activating mitochondrial uncoupling protein-5. Neuropsychiatr. Dis. Treat 12, 1705–1710. doi: 10.2147/NDT.S107074

 Wassermann, E. M. (1998). Risk and safety of repetitive transcranial magnetic stimulation: report and suggested guidelines from the international workshop on the safety of repetitive transcranial magnetic stimulation, June 5-7, 1996. Electroencephalogr. Clin. Neurophysiol. 108, 1–16. doi: 10.1016/S0168-5597(97)00096-8

 Wei, G., and Luo, J. (2010). Sport expert's motor imagery: functional imaging of professional motor skills and simple motor skills. Brain Res. 1341, 52–62. doi: 10.1016/j.brainres.2009.08.014

 Wu, C. W. H., Van Gelderen, P., Hanakawa, T., Yaseen, Z., and Cohen, L. G. (2005). Enduring representational plasticity after somatosensory stimulation. Neuroimage 27, 872–884. doi: 10.1016/j.neuroimage.2005.05.055

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.

Copyright © 2017 Monda, Valenzano, Moscatelli, Salerno, Sessa, Triggiani, Viggiano, Capranica, Marsala, De Luca, Cipolloni, Ruberto, Precenzano, Carotenuto, Zammit, Gelzo, Monda, Cibelli, Messina and Messina. 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) or licensor 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-08-00695-t001.jpg
Parameter Karate athletes Non-athletes.

Age (year) 24949 26245
Height (cm) 176.1 £ 3.9 1763£72
Body mass (kg) 781114 807 + 104

Viakses are expressed as mean + standard deviation.

p-value

>0.05
>0.05
>0.05





OPS/images/fphys-08-00695-t002.jpg
Inyensity of
stimulation

MTintensity

110% of MT

120% of MT

Parameters Athletes  Non-athletes p-value A%

Latency(ns) 224617 2475414 <00001 1046
Amplitude (mV) 9011 £ 101 59.98 + 13.4 <0.001 —33.44
Latency (ms)  21.87 £20 24223 <0.0001 11.69
Amplitude (mV) 236.77 + 20.1 137.16 £ 332 <0.01  —4207
Latency (ms) 2048+ 1.8 234214 <0.0001 1255
Amplitude (mV) 249.12 + 45.9 268.12 £ 659 >0.05 361

Vakses are expressed in mean + standard deviation. rMT, resting motor threshold,





OPS/images/fphys-08-00695-g001.gif





OPS/images/fphys-08-00695-g002.gif





OPS/images/cover.jpg
, frontiers
in Physiology

Primary Motor Cortex Excitability in
Karate Athletes: A Transcranial
Magnetic Stimulation Study









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





