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Current research demonstrates increased learning rates in differential learning (DL) compared to repetitive training. To date, little is known on the underlying neurophysiological processes in DL that contribute to superior performance over repetitive practice. In the present study, we measured electroencephalographic (EEG) brain activation patterns after DL and repetitive badminton serve training. Twenty-four semi-professional badminton players performed badminton serves in a DL and repetitive training schedule in a within-subjects design. EEG activity was recorded from 19 electrodes according to the 10–20 system before and immediately after each 20-min exercise. Increased theta activity was obtained in contralateral parieto-occipital regions after DL. Further, increased posterior alpha activity was obtained in DL compared to repetitive training. Results indicate different underlying neuronal processes in DL and repetitive training with a higher involvement of parieto-occipital areas in DL. We argue that DL facilitates early consolidation in motor learning indicated by post-training increases in theta and alpha activity. Further, brain activation patterns indicate somatosensory working memory processes where attentional resources are allocated in processing of somatosensory information in DL. Reinforcing a somatosensory memory trace might explain increased motor learning rates in DL. Finally, this memory trace is more stable against interference from internal and external disturbances that afford executively controlled processing such as attentional processes.
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INTRODUCTION

Understanding how to make motor learning more efficient and effective is an important goal in behavioral neuroscience. The application of variable practice has achieved acceptance as being beneficial for motor learning processes. Numerous studies have demonstrated enhanced motor learning performance in variable practice over repetitive learning schedules (for an overview see Beckmann, 2013). An important research question in literature raises the discussion on type, schedule and amount of variation to be applied in motor learning settings. Different training schedules and degrees of variations have been suggested for varied acquisition in the context of motor learning. First, models of variation were included in methodical rows of exercises whereby the motor task is approached by exercises that become subsequently more similar to the goal task (Gaulhofer and Streicher, 1924). Based on the theoretical assumption that similar movements can be condensed into classes of movements that can be modeled by means of invariants and variable parameters (Schmidt, 1975), varied training with the same invariants and several variable parameters was suggested to result in more stable generalized motor programs, and therefore with superior performance in retention and transfer of the learned motor task (Moxley, 1979).

A different theoretical perspective on variable practice was introduced by the system dynamic approach (Haken, 1970; Glansdorff and Prigogine, 1971). In contrast to previous learning approaches, the differentiation between errors and variations was replaced by the more neutral term of fluctuations derived from physics. One of the main characteristics of dissipative systems that have been investigated by the system dynamic approach is that living systems show fluctuations continuously and an increase of fluctuations before a phase transition. This observed increase of fluctuations constitutes the basis for a self-organizing process in a way that the system is exploring different modes during the increased fluctuations in order to find a new and more effective mode. Within the differential learning (DL) approach, fluctuations during the motor learning process are a fundamental basis for motor learning. In contrast, in repetition based motor learning movements are performed with a large number of repetitions without voluntary variations until a predefined ideal state of movement is reached. Based on these theoretical assumptions, the DL approach has been applied in the context of motor learning and extensively investigated by Schöllhorn and collaborates (Schöllhorn, 1999, 2000; Schöllhorn et al., 2006, 2009, 2010; Frank et al., 2008).

During a goal kicking experiment, a group of soccer players were trained according to the DL approach with no movement repetition while another group trained with repetitions (Schöllhorn et al., 2009). The DL group trained the kicking movement, e.g., with stiff knees or stiff hip, slack foot and circling arms, hopping run up and arbitrary combinations of different tasks on the kicking and standing leg as well as in the trunk, head and arm positions. In difference, the repetitional training group followed exact prescriptions that were based on a movement prototype, and ample repetitions. After 4 weeks of intervention and the same amount of kicks in both groups, the DL group showed a significantly higher progress in kicking precision in comparison to the repetitional group.

Increased acquisition rates in DL compared to repetitive training were shown for handball (Wagner and Müller, 2008), basketball (Lattwein et al., 2014), volleyball (Römer et al., 2009), track and field (Beckmann and Schöllhorn, 2006; Beckmann and Gotzes, 2009), ice-skating (Savelsbergh et al., 2010), hockey (Beckmann et al., 2010) and even for two football movements in parallel (Schöllhorn et al., 2012). Most intriguingly, DL not only leads to increased acquisition rates but also to increased learning rates (Beckmann and Schöllhorn, 2006; Savelsbergh et al., 2010). After 4 weeks of scheduled creative movement variations that are from a traditional point of view considered as movement errors and accordingly have to be avoided in common motor learning schedules, the DL group displayed further improvements up to 4 weeks after the intervention ended. In contrast, the performances of the repetitional training group dropped back to the original level already after 2 weeks post intervention (Beckmann and Schöllhorn, 2006). Further evidence is given on the effect of DL on the postural sway (James, 2014). In a recent clinical trial, faster recovery of arm function in stroke patients after DL compared to repetitive training was shown (Repšaitė et al., 2015).

Most studies conducted on effects of learning in general and motor learning, investigate event-related brain potentials. To date, little is known on the effects of motor learning on spontaneous electroencephalographic (EEG) brain oscillations. Studies in humans have shown that learning leaves local traces that can be detected immediately after the performance (Tanaka et al., 2011; Buschkuehl et al., 2012; Crupi et al., 2013). The notion that post-performance traces are local and task-specific, has been confirmed by recent studies. Theta increases in parieto-occipital areas after a driving video game (Hung et al., 2013), or after adaptation to a rotated display (Ghilardi et al., 2000; Krakauer et al., 2000; Huber et al., 2004) were demonstrated. Alpha power changes in the resting-state EEG were found in regions that showed EEG changes during the task (Landsness et al., 2011; Perfetti et al., 2011). Moisello et al. (2013) demonstrated theta increases in frontal and posterior regions with alpha increases in the spontaneous EEG following a sequence-learning task. These post-task changes may represent a trace of learning and a hallmark of use-dependent plasticity.

Several studies have investigated the underlying neurophysiological processes that lead to better performance in interleaved over repetitive practice. Neurophysiological studies show differences in cortical activation in interleaved compared to repetitive practice with increased activity in sensorimotor and premotor regions (Cross et al., 2007), in the premotor-parietal network and sensorimotor and subcortical regions (Wymbs and Grafton, 2009). These areas are associated with motor preparation, sequencing and response selection. Further, several studies identified activation of fronto-parietal networks in CI (Serrien, 2009; Lin et al., 2011, 2012, 2013). More specifically, activation in the dorsal premotor (PM) and the dorsolateral prefrontal (DLPFC) cortices changed in interleaved practice. Further, increased inter-regional functional connectivity in CI compared to repetitive training for both PM-seeded and DLPFC-seeded connectivity was demonstrated. The observed patterns of brain activation indicated the formation of enhanced memory traces and efficient long-term retrieval in interleaved practice. In an EEG study, differences in brain activation in interleaved and repetitive practice were demonstrated (Tanaka et al., 2005).

Despite the systematically demonstrated effects of DL on motor learning, little is currently known about the neural basis of how DL leads to better performance than repetitive training. To our knowledge, this is the first study that compares effects of DL and repetitive training on EEG brain activity. First evidence for neurophysiological post-training effects comes from three pilot studies that examined EEG brain activity after DL, compared to repetitive training. Increased frontal and central EEG theta activity with central posterior alpha activity was obtained after DL in badminton serve training (Henz et al., 2013, 2015) and in soccer goal shooting training (Henz et al., 2014).

The present study was designed to measure acute effects of DL and repetitive badminton serve training on spontaneous EEG brain activation patterns in an experimental design. We predicted that different brain activation patterns would be demonstrated in DL compared to repetitive training. We argue that according to the results found in prior studies, increased somatosensory EEG theta activity and posterior and central alpha activity are increased due to the specific characteristics of DL that stimulates the motor and somatosensory areas extensively, and due to its high affordances on motor control.

MATERIALS AND METHODS

Participants

Twenty-four semi-professional badminton players (mean age: 25.3 years; age range: 18–34; 16 males, 8 females) volunteered in this study. Informed consent was obtained from all participants and all procedures were conducted in accordance with the ethical standards of the Helsinki Declaration of the World Medical Association Assembly. Participants had at least regular badminton training experience of 1 year. All participants were healthy, and had no current diseases or a history of neurological impairments or intake of medication that may have affected EEG recordings. All subjects were naïve as to the purpose of the current study. All subjects gave written informed consent. The experimental procedures were approved by the local ethics committee at the Johannes Gutenberg University of Mainz, Germany. All experimental procedures were carried out in accordance with the Declaration of Helsinki.

EEG Recording Details

The EEG was recorded by using the Micromed Brainquick amplifier (SD-LTM-32) and Micromed Brainspy software (Micromed, Venice, Italy). Recordings were made from Fp1, Fp2, F3, F7, Fz, F4, F8, C3, Cz, C4, T3, T4, P3, P7, Pz, P4, P8, O1, O2 placed according to the Int. 10–20 system with reference to the nose. All electrode impedances were kept at 5 kΩ or below. The EEG signals were continuously recorded and digitized at a sampling rate of 256 Hz. The EEG signal was amplified with a time constant of 0.3 s with a second order high-pass filter at 0.5 Hz and a low-pass filter at 120 Hz (frequency range: 0.5–120 Hz). Electrooculography (EOG) was monitored placed at the medial upper and lateral orbital rim of the right eye (time constant: 0.3 s; high pass filter: 0.1 Hz; low pass filter: 120 Hz; frequency range: 0.5–120 Hz). Two electrodes placed on the neck and on the shoulder recorded muscle activity. Heart rate (Polar S810i, Polar Electro, Buettelborn, Germany) was assessed continuously to control exercise intensity.

Experimental Procedure

Before the experiment, the tasks were explained. Participants were shown the appropriate grip for each serve, where and how to stand as well as how to move. Performance in badminton serves was assessed prior to the single training intervention. Subjects performed 60 badminton serves towards a target located at the left service court of the playing field at a distance of 8.40 m from the service line. The subject stood in the right service court and performed all serves from the service line of the right court. Initial performance was measured on the day before the training intervention. On the consecutive day, the training intervention with EEG measurement was performed. At each measurement time point, participants began with a resting condition followed by the recording of spontaneous EEG of the subject for 4 min with eyes-open. Then, they were required to perform a 20-min training session, followed by a 4 min rest with eyes-open. The experiment contained two tasks for each subject. Participants performed a differential and a repetitive badminton serve training in a within-subjects design. Badminton serves were performed with the right hand towards eight segments of the service court. In repetitive training, badminton serves were performed without movement variations. In DL, badminton serves were performed in three blocks with variation of one, two and three parameters at the same time. In the DL condition, none of the practice trials was repeated for more than three times. The number of badminton serves was defined for each experimental condition. Sixty trials were performed in repetitive training and 60 trials in DL. The experimental conditions were tested on two consecutive days. Experimental conditions were randomized. EEG data were obtained during the three resting conditions: (1) pre-training rest; (2) post-DL rest; and (3) post-repetitive training rest, which were then taken for subsequent analyses.

EEG Analysis

The spontaneous EEG was recorded for 4 min with eyes-open before and after each experimental condition. The EEG and EOG signals were visually scored and portions of the data that contained aberrant eye movements and muscle movements of artifacts were removed. The EEG was analyzed and Fast Fourier Transforms were used to obtain the mean power amplitudes in theta (4–7.5 Hz), alpha (8–13 Hz), beta (14–30 Hz) and gamma (31–40 Hz) bands.

Statistical Analyses

Means and standard deviations of hit ratios of badminton serves in the initial test were calculated. The reliability of the measurement scale was obtained by calculation of Cronbach’s alpha as a measure of internal consistency. Hit ratios of each training condition were subjected to a repeated-measure analysis of variance (ANOVA) including the within-subjects factor training (repetitive training, DL, control baseline rest), followed by a Bonferroni-corrected post hoc test for further comparisons. A statistical comparison of power data of the theta, alpha, beta and gamma bands was calculated by repeated-measure ANOVA including the within-subject factors as experimental condition (baseline rest, repetitive training, DL) and location (Frontal, Central, Temporal, Parietal, Occipital), followed by Bonferroni-corrected post hoc tests for further comparisons. Effects were considered to be statistically significant when the p-values were less than 0.05.

RESULTS

Performance Errors

Figure 1 show means and standard deviations of hit ratios in badminton serves for the initial test, and for each training condition. Cronbach’s alpha for the initial test revealed a high internal consistency, α = 0.89. The ANOVA of hit ratios in the training intervention revealed a highly significant effect for training, F(2,46) = 25.62, p = 0.0014, [image: image] = 0.31.
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FIGURE 1. Hit ratios in the initial test, differential learning (DL) and repetitive badminton serve training. Decreased hit ratios are reached in DL compared to repetitive training, and the initial test.



Statistical Description: Spontaneous EEG

Figure 2 shows the mean power spectra for the theta, alpha, beta and gamma band. The ANOVA of theta responses revealed significant differences for training, F(2,46) = 4.355, p = 0.019, [image: image] = 0.16. Post hoc comparisons showed that the spontaneous EEG theta power was significantly higher in DL compared to repetitive training, p = 0.001 and baseline rest, p = 0.02. The ANOVA of theta responses revealed significant differences between locations, F(4,92) = 3.134, p = 0.018, [image: image] = 0.12. Post hoc comparisons showed that the spontaneous EEG theta power at frontal, central, parietal and occipital electrodes was higher than that of temporal electrodes, p = 0.05. The ANOVA of theta responses revealed significant results for training × location, F(4,92) = 3.390, p = 0.012, [image: image] = 0.13. Post hoc comparisons showed that in DL theta power was significantly increased at central, p = 0.008, parietal, p = 0.017 and occipital electrodes, p = 0.024, compared to repetitive training, and at central, p = 0.009, parietal, p = 0.011 and occipital electrodes, p = 0.019, compared to baseline rest.
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FIGURE 2. Spontaneous electroencephalographic (EEG) brain activity at baseline rest, after DL and repetitive badminton serve training. Theta activity is increased in contralateral parieto-occipital regions after DL. Increased posterior alpha activity is obtained in DL compared to repetitive training and baseline rest.



The ANOVA of alpha responses revealed highly significant differences for training, F(2,46) = 4.655, p = 0.009, [image: image] = 0.17. Post hoc comparisons showed that the spontaneous EEG alpha power was higher in DL than in repetitive training, p = 0.007 and compared to baseline, p = 0.01. The ANOVA of alpha responses revealed significant differences between locations, F(4,92) = 2.311, p = 0.014, [image: image] = 0.13. Post hoc comparisons showed that spontaneous EEG alpha power was higher at central, p = 0.01, temporal, p = 0.01, parietal, p = 0.008 and occipital electrodes, p = 0.01, than that of frontal electrodes. A significant difference was obtained between parietal and frontal, p = 0.01, central, p = 0.03, temporal, p = 0.04 and occipital electrodes, p = 0.04. The ANOVA of alpha responses revealed significant results for training × location, F(4,92) = 2.871, p = 0.027, [image: image] = 0.11. Post hoc comparisons showed that in DL alpha power was significantly increased at central, p = 0.01, parietal, p = 0.02 and occipital electrodes, p = 0.04, compared to repetitive training.

The ANOVA of beta responses revealed significant differences for training, F(2,46) = 3.653, p = 0.034, [image: image] = 0.14. Post hoc comparisons showed that the spontaneous EEG gamma power was higher in the DL condition, compared to repetitive training, p = 0.04 and baseline rest, p = 0.03. The ANOVA of gamma responses revealed significant differences between locations, F(4,92) = 2.676, p = 0.037, [image: image] = 0.11. Post hoc comparisons showed that the spontaneous EEG beta power at temporal and occipital electrodes was higher than that of frontal, p < 0.05 each, central, p = 0.05 each and temporal electrodes, p < 0.05 each. No difference was obtained between temporal and occipital electrodes. The ANOVA of beta responses revealed no significant results for training × location.

The ANOVA of gamma responses revealed significant differences for training, F(2,46) = 3.298, p = 0.041, [image: image] = 0.13. Post hoc comparisons showed that the spontaneous EEG gamma power was higher in the DL condition, compared to repetitive training, p = 0.04 and baseline rest, p = 0.04. The ANOVA of gamma responses revealed significant differences between locations, F(4,92) = 3.003, p = 0.022, [image: image] = 0.12. Post hoc comparisons showed that the spontaneous EEG gamma power at temporal, and occipital electrodes was higher than that of frontal, p < 0.05 each, central, p < 0.05 each and temporal electrodes, p < 0.05 each. No difference was obtained between temporal and occipital electrodes. The ANOVA of gamma responses revealed no significant results for training × location.

DISCUSSION

The literature includes several previous investigations on the beneficial effects of DL on movement performance over repetitive training. To our knowledge, this is the first study that investigated post-training effects in DL on EEG brain activity. The present study was the first study that investigated acute post-training local EEG changes in DL and repetitive training. Our results clearly demonstrated different patterns of post-training EEG brain activity in DL and repetitive training. In DL, increases in frontal theta activity and occipito-parietal and central alpha activity compared to repetitive training and resting baseline were obtained. Repetitive training did not differ statistically from resting baseline in theta and alpha activity. The results from our study are in line with previous studies on effects of DL on EEG brain activity (Henz et al., 2013, 2014, 2015). In the following sections, we discuss different lines of argumentation to explain the found patterns of EEG brain activity after DL and repetitive training.

Increased Post-Training EEG Theta and Alpha Activity Reflect Increased Learning Processes After DL

The observed differences in brain activation patterns indicate different neurophysiological processes in the acute formation of motor memory in DL and repetitive training. Our results are in line with previous studies, indicating that changes in EEG brain activity after movement performance and sensorimotor training compared to pretest and no-task conditions occur in general. These post-task traces in EEG brain activity are task-specific and are characterized by frequency-specific activation patterns (Ghilardi et al., 2000; Krakauer et al., 2000; Huber et al., 2004; Hung et al., 2013). For instance, Moisello et al. (2013) showed increases in frontal and posterior regions with alpha increases in the spontaneous EEG following a sequence-learning task. These post-task changes may represent a trace of motor learning and a correlate for use-dependent plasticity.

One line of argumentation is that the obtained increase in theta activity after DL indicates processes of learning and memory consolidation. Cortical and cortico-hippocampal theta phase synchronization found to characterize effective encoding have been postulated to facilitate simultaneous activation of neural assemblies (Fell and Axmacher, 2011). EEG theta rhythm has been reported to index prefrontal tagging of memories for subsequent consolidation during sleep (Benchenane et al., 2010). In recent studies on motor sequence learning, theta activity was beneficial on consolidation of motor learning (Reiner et al., 2014; Rozengurt et al., 2016). Accordingly, posttraining theta rhythm modulation might be a method of promoting procedural consolidation. Increases in theta and alpha activity in DL, compared to repetitive training indicate that the acute formation of motor memory is mediated by different neurophysiological pathways in DL and repetitive training. Extensive stimulation of the motor, and somatosensory areas in DL might increase post-training EEG theta and alpha traces. Further, the obtained pattern of low-frequency theta and alpha activation in central and posterior regions indicates that frontal cortical activity is down regulated in DL. In a recent study, it was shown that increased somatosensation reduced frontal cortical activity (Clark et al., 2014). A further explanation for a reduction of executively controlled processing in DL comes from the notion of the transient hypofrontality hypothesis (Dietrich, 2006). Its assumptions are that an extensive stimulation of the motor, somatosensory and visual areas prefrontal activity reduces cognitively controlled processing. In repetitive practice these processes might be stimulated to a lesser degree than in DL. It is well known that repetitive movement performance evokes habituational processes in the brain. In a recent study, it was shown that, after 10 min of uninterrupted finger movements paced by a metronome at 2 Hz, motor cortical excitability decreased. This decrease was induced by use (i.e., a sign of use-dependent plasticity), as this occurred without signs of neuromuscular fatigue (Crupi et al., 2013).

Under the assumption that motor learning leaves a specific local trace in the resting state EEG, we postulate that alpha increases might represent a first step towards long-term potentiation processes to consolidate memory. Further, we argue that in repetitive training learning, processes are stimulated less than in DL. One line of argumentation might be that due to repetitive movement performance habituation processes of the cognitive and motor system are to be postulated.

Increased Theta and Alpha Activity Indicate Multisensory Processing in DL

Increased theta activity after DL might reflect multi-sensory processing (see Kanayama et al., 2015) due to high affordances on integration from information of different sensory modalities (visual, kinesthetic, proprioceptive) in DL compared with repetitive training. Direct communication of unisensory areas is supported by EEG-studies showing increased coherence between unisensory cortex areas during crossmodal processing. Hummel and Gerloff (2005) showed that synchronization between specific brain regions, as measured with EEG-coherence, is functionally significant for successful crossmodal integration. The idea of long-range synchronization during crossmodal processing is further supported by tasks requiring visuo-motor coordination. Comparing a visuo-motor tracking-task with either a motor-task combined with a visual distractor, a solely visual task or a sole motor-task without visual input revealed increased EEG-coherence between the visual and somatosensory or motor cortex areas during the visuo-motor tracking task compared to the other three conditions (Classen et al., 1998). From this point of view, we argue that DL strongly reinforces the construction of a visuo-somatosensory movement representation due to its affordances on processing of information from different sensory modalities. In contrast, in repetitive training, multisensory integration is fostered statistically less due to the large number of repetitions with the same movement configuration. A multisensory movement representation in DL might be a suitable explanation for better movement performance and stability of the movement representation against interferences from internal sources or external stimuli from the environment.

Increased Theta Activity Indicates Enhanced Working Memory Processes in DL

Frontal-midline theta oscillations as measured by EEG recordings have been suggested as neural working language of executive functioning. Their power has been shown to increase when cognitive processing or task performance is enhanced. Enhanced cognitive processing is accompanied with increases of frontal-midline theta activity, specifically in tasks involving working memory (Mitchell et al., 2008) and executive functions (Nigbur et al., 2011). In addition, frontal-midline theta activity has been related to efficient working memory maintenance (Tóth et al., 2014). Further, increases of frontal-midline theta activity during task processing have been shown to enhance executive functioning (Sederberg et al., 2003) and reaction times in a Simon task involving conflict monitoring (Cohen and Donner, 2013).

The theta range has been described as a rhythm closely related to working memory processes. A recent study has shown that the oscillatory brain state predicts variability in working memory processes (Myers et al., 2014). Most of the research has been performed with experimental tasks, in which theta and alpha event-related synchronization (ERS) has been proposed as a possible carrier frequency for working memory processes (Sauseng et al., 2010). Theta rhythm is mainly seen in children. It decreases progressively with age, and it is enhanced while performing tasks involving attention and working memory (Carretié, 2001). Alpha activity has been shown to indicate processes of somatosensory and visual working memory (Haegens et al., 2011). Increased stimulation of sensory information processing would be a suitable explanation for the superior learning outcomes in differential compared to repetition-based training.

Increased Theta Activity Indicates Enhanced Attentional Processes in DL

Finally, our results indicate that repetitive training and DL foster different attentional modes. Travis and Shear (2010) classify attentional processes reflected in the EEG in low- and high-frequency bands. Theta activity indicates open monitoring, whereas beta and gamma activity are related to focused attention (Wróbel, 2000; Basile et al., 2010). Therefore, increased theta activity in DL might reflect open monitoring. In a recent study it was shown, that relaxation techniques, i.e., audio-visual relaxation and autogenic training significantly improved athlete’s ability to perform a prolonged mental effort. These changes were accompanied by greater amplitude of waves in alpha band in the state of relaxation (Mikicin and Kowalczyk, 2015). From this, the obtained increase in frontal theta activity possibly reflects a brain state that is related to an attentional mode beneficial for motor learning and performance stimulated by DL.

A matter of discussion in recent research on sports performance is the role of particular brain states that lead to optimized motor performance (e.g., Dekker et al., 2014). For instance, Cooke (2013) showed that a particular brain state measured by patterns of brain activation is necessary for maximum motor performance. We argue that DL makes stable against disturbances stemming from internal or external sources. In a behavioral study, it was shown that the DL schedule prevents from Choking under pressure as demonstrated in basketball free-throw (Lattwein et al., 2014). Two groups (DL, repetitive training) underwent a 4-week basketball free-throw intervention with three measurement points (pre-test, post-test, retention-test). At retention test, a simulation of a competitive setting (pressure condition) and a control condition (no pressure) was designed. The DL group significantly outperformed the repetitive training group in the pressure condition. Summarizing, we conclude that DL enhances attentional processes towards an optimum state of mind for motor learning and motor performance.

Further studies will address these points in depth and will elucidate the specificity, the time course and the long-term effects of DL on motor learning and performance and cognitive processes and the underlying neurophysiological processes.

AUTHOR CONTRIBUTIONS

The authors, DH and WIS cooperated on developing the theoretical framework and preparing the manuscript.

ACKNOWLEDGMENTS

We thank Rouven Kenville, Moritz Simon and Oliver Leinberger for help with data collection.

REFERENCES

Basile, L. F., Lozano, M. D., Alvarenga, M. Y., Pereira, J. F., Machado, F., Velasquez, B., et al. (2010). Minor and unsystematic cortical topographic changes of attention correlates between modalities. PLoS One 5:e15022. doi: 10.1371/journal.pone.0015022


Beckmann, H. (2013). Untersuchung der Auswirkungen verschiedener Variationsbereiche des differenziellen Lernens und Lehrens im weiten Sinn auf ausgewählte technische Grundfertigkeiten im Hallenhockey. [Examination on effects of different variations in differential learning and teaching on selected techniques in hockey]. PhD thesis. Johannes-Gutenberg Universitët, Mainz Retrieved from http://ubm.opus.hbz-nrw.de/volltexte/2013/3606



Beckmann, H., and Gotzes, D. (2009). Differenzielles Lehren und Lernen in der Leichtathletik. Sportunterricht 58, 46–50. [DL teaching and learning in track and field. Phys. Educ. 58, 46–50].



Beckmann, H., and Schöllhorn, W. I. (2006). Differenzielles Lernen im Kugelstoβen. Leistungssport 36, 44–50. [Differential training in shot put. Comp. Sports 36, 44–50].



Beckmann, H., Winkel, C., and Schöllhorn, W. I. (2010). Optimal range of variation in hockey technique training. Int. J. Sports Psychol. 41, 5–10.


Benchenane, K., Peyrache, A., Khamassi, M., Tierney, P. L., Gioanni, Y., Battaglia, F. P., et al. (2010). Coherent theta oscillations and reorganization of spike timing in the hippocampal-prefrontal network upon learning. Neuron 66, 921–936. doi: 10.1016/j.neuron.2010.05.013

Buschkuehl, M., Jaeggi, S. M., and Jonides, J. (2012). Neuronal effects following working memory training. Dev. Cogn. Neurosci. 2, S167–S179. doi: 10.1016/j.dcn.2011.10.001


Carretié, L. A. (2001). Psicofisiología [Psychophysiology]. Madrid: Pirámide.


Clark, D. J., Christou, E. A., Ring, S. A., Williamson, L. B., and Doty, L. (2014). Enhanced somatosensory feedback reduces prefrontal cortical activity during walking in older adults. J. Gerontol. A Biol. Sci. Med. Sci. 69, 1422–1428. doi: 10.1093/gerona/glu125


Classen, J., Liepert, J., Wise, S. P., Hallett, M., and Cohen, L. G. (1998). Rapid plasticity of human cortical movement representation induced by practice. J. Neurophysiol. 79, 1117–1123.


Cohen, M. X., and Donner, T. H. (2013). Midfrontal conflict-related theta-band power reflects neural oscillations that predict behavior. J. Neurophysiol. 110, 2752–2763. doi: 10.1152/jn.00479.2013

Cooke, A. (2013). Readying the head and steadying the heart: a review of cortical and cardiac studies of preparation for action in sport. Int. Rev. Sport Exerc. Psychol. 6, 122–138. doi: 10.1080/1750984x.2012.724438

Cross, E. S., Schmitt, P. J., and Grafton, S. T. (2007). Neural substrates of contextual interference during motor learning support a model of active preparation. J. Cogn. Neurosci. 19, 1854–1871. doi: 10.1162/jocn.2007.19.11.1854

Crupi, D., Cruciata, G., Moisello, C., Green, P., Naro, A., Ricciardi, L., et al. (2013). Protracted exercise without overt neuromuscular fatigue influences cortical excitability. J. Mot. Behav. 45, 127–138. doi: 10.1080/00222895.2012.760514

Dekker, M. K. J., van den Berg, B. R., Denissen, A. J. M., Sitskoorn, M. M., and van Boxtel, G. J. M. (2014). Feasibility of eyes open alpha power training for mental enhancement in elite gymnasts. J. Sports Sci. 32, 1550–1560. doi: 10.1080/02640414.2014.906044

Dietrich, A. (2006). Transient hypofrontality as a mechanism for the psychological effects of exercise. Psychiatry Res. 145, 79–83. doi: 10.1016/j.psychres.2005.07.033

Fell, J., and Axmacher, N. (2011). The role of phase synchronization in memory processes. Nat. Rev. Neurosci. 12, 105–118. doi: 10.1038/nrn2979

Frank, T. D., Michelbrink, M., Beckmann, H., and Schöllhorn, W. I. (2008). A quantitative dynamical systems approach to differential learning: self-organization principle and order parameter equations. Biol. Cybern. 98, 19–31. doi: 10.1007/s00422-007-0193-x


Gaulhofer, K., and Streicher, M. (1924). Grundzuege des Oesterreichischen Schulturnens. [Fundamentals of Austrian School Gymnastics]. Wien: Deutscher Verlag für Jugend und Volk.


Ghilardi, M., Ghez, C., Dhawan, V., Moeller, J., Mentis, M., Nakamura, T., et al. (2000). Patterns of regional brain activation associated with different forms of motor learning. Brain Res. 871, 127–145. doi: 10.1016/s0006-8993(00)02365-9


Glansdorff, P., and Prigogine, I. (1971). Thermodynamics Theory of Structure, Stability and Fluctuations. London: Wiley-Interscience.


Haegens, S., Händel, B. F., and Jensen, O. (2011). Top-down controlled alpha band activity in somatosensory areas determines behavioral performance in a discrimination task. J. Neurosci. 31, 5197–5204. doi: 10.1523/jneurosci.5199-10.2011


Haken, H. (1970). “Laser theory,” in Light and Matter Ic/Licht und Materie Ic, ed. L. Genzel (Berlin: Springer), 1–304. Available online at: http://link.springer.com/chapter/10.1007/978-3–662-22091-7_1



Henz, D., Hofmann, M., and Schöllhorn, W. I. (2013). “Increased EEG theta and alpha activity indicate somatosensory working memory processes in differential badminton serve training,” in Conference Proceedings of the 18th Annual Congress of the European College of Sport Science ECSS Barcelona 2013, eds N. Balagué, C. Torrents, A. Vilanova, J. Cadefau, R. Tarragó and E. Tsolakidis (Barcelona: Open Print), 853.



Henz, D., Kenville, R., Simon, M., Leinberger, O., and Schöllhorn, W. I. (2015). “EEG brain activity in differential, contextual interference and classical repetition based badminton serve training,” in Proceedings of the 20th Annual Congress ot the European College of Sports Science (Malmö), eds A. Radmann S. Hedenborg and E. Tsolakidis, 502.



Henz, D., Leinberger, O., and Schöllhorn, W. I. (2014). “EEG brain activation patterns in differential and mental differential soccer shooting training,” in Book of Abstracts of the 19th Annual Congress of the European College of Sport Science-2nd-5th July 2014, Amsterdam, eds A. De Haan, C. J. De Ruiter and E. Tsolakidis (Utrecht: Digital Printing Partners), 609.


Huber, R., Ghilardi, M. F., Massimini, M., and Tononi, G. (2004). Local sleep and learning. Nature 430, 78–81. doi: 10.1038/nature02663

Hummel, F., and Gerloff, C. (2005). Larger interregional synchrony is associated with greater behavioral success in a complex sensory integration task in humans. Cereb. Cortex 15, 670–678. doi: 10.1093/cercor/bhh170

Hung, C.-S., Sarasso, S., Ferrarelli, F., Riedner, B., Ghilardi, M. F., Cirelli, C., et al. (2013). Local, experience-dependent changes in the wake EEG after prolonged wakefulness. Sleep 36, 59–72. doi: 10.5665/sleep.2302

James, E. G. (2014). Short-term differential training decreases postural sway. Gait Posture 39, 172–176. doi: 10.1016/j.gaitpost.2013.06.020

Kanayama, N., Kimura, K., and Hiraki, K. (2015). Cortical EEG components that reflect inverse effectiveness during visuotactile integration processing. Brain Res. 1598, 18–30. doi: 10.1016/j.brainres.2014.12.017


Krakauer, J. W., Pine, Z. M., Ghilardi, M. F., and Ghez, C. (2000). Learning of visuomotor transformations for vectorial planning of reaching trajectories. J. Neurosci. 20, 8916–8924.


Landsness, E. C., Ferrarelli, F., Sarasso, S., Goldstein, M. R., Riedner, B. A., Cirelli, C., et al. (2011). Electrophysiological traces of visuomotor learning and their renormalization after sleep. Clin. Neurophysiol. 122, 2418–2425. doi: 10.1016/j.clinph.2011.05.001


Lattwein, M., Henz, D., and Schöllhorn, W. I. (2014). “Differential training as an intervention strategy to prevent choking under pressure in basketball freethrow,” in Book of Abstract of the 19th Annual Congress of the European College of Sport Science—2nd—5th July 2014, Amsterdam, eds A. De Haan, C. J. De Ruiter and E. Tsolakidis (Utrecht: Digital Printing Partners), 610.


Lin, C. H., Chiang, M. C., Knowlton, B. J., Jacoboni, M., Udompholkul, P., and Wu, A. D. (2013). Interleaved practice enhances skill learning and the functional connectivity of fronto-parietal networks. Hum. Brain Mapp. 34, 1542–1558. doi: 10.1002/hbm.22009

Lin, C. H., Chiang, M. C., Wu, A. D., Iacoboni, M., Udompholkul, P., Yardanshenas, O., et al. (2012). Age related differences in the neural substrates of motor sequence learning after interleaved and repetitive practice. Neuroimage 62, 2007–2020. doi: 10.1016/j.neuroimage.2012.05.015

Lin, C. H., Knowlton, B. J., Chiang, M. C., Iacoboni, M., Udompholkul, P., and Wu, A. D. (2011). Brain-behavior correlates of optimizing learning through interleaved practice. Neuroimage 56, 1758–1772. doi: 10.1016/j.neuroimage.2011.02.066

Mikicin, M., and Kowalczyk, M. (2015). Audio-visual and autogenic relaxation alter amplitude of alpha eeg band, causing improvements in mental work performance in athletes. Appl. Psychophysiol. Biofeedback. 40, 219–227. doi: 10.1007/s10484-015-9290-0

Mitchell, D. J., McNaughton, N., Flanagan, D., and Kirk, I. J. (2008). Frontal-midline theta from the perspective of hippocampal “theta”. Prog. Neurobiol. 86, 156–185. doi: 10.1016/j.pneurobio.2008.09.005

Moisello, C., Meziane, H. B., Kelly, S., Perfetti, B., Kvint, S., Voutsinas, N., et al. (2013). Neural activations during visual sequence learning leave a trace in post-training spontaneous EEG. PLoS One 8:e65882. doi: 10.1371/journal.pone.0065882


Moxley, S. E. (1979). Schema: the variability of practice hypothesis. J. Mot. Behav. 11, 65–70.


Myers, N. E., Stokes, M. G., Walther, L., and Nobre, A. C. (2014). Oscillatory brain state predicts variability in working memory. J. Neurosci. 34, 7735–7743. doi: 10.1523/jneurosci.4741-13.2014

Nigbur, R., Ivanova, G., and Stürmer, B. (2011). Theta power as a marker for cognitive interference. Clin. Neurophysiol. 122, 2185–2194. doi: 10.1016/j.clinph.2011.03.030

Perfetti, B., Moisello, C., Landsness, E. C., Kvint, S., Lanzafame, S., Onofrj, M., et al. (2011). Modulation of gamma and theta spectral amplitude and phase synchronization is associated with the development of visuo-motor learning. J. Neurosci. 31, 14810–14819. doi: 10.1523/jneurosci.1319-11.2011

Reiner, M., Rozengurt, R., and Barnea, A. (2014). Better than sleep: theta neurofeedback training accelerates memory consolidation. Biol. Psychol. 95, 45–53. doi: 10.1016/j.biopsycho.2013.10.010

Repšaitė, V., Vainoras, A., Berškienė, K., Baltaduonienė, D., Daunoravičienė, A., and Sendžikaitė, E. (2015). The effect of differential training-based occupational therapy on hand arm function in patients after stroke: results of the pilot study. Neurol. Neurochir. Pol. 49, 150–155. doi: 10.1016/j.pjnns.2015.04.001


Römer, J., Schöllhorn, W. I., Jaitner, T., and Preiss, R. (2009). Differenzielles Lernen im Volleyball. Sportunterricht 58, 41–45. [Differential training in volleyball. Phys. Educ. 58, 41–45].


Rozengurt, R., Barnea, A., Uchida, S., and Levy, D. A. (2016). Theta EEG neurofeedback benefits early consolidation of motor sequence learning. Psychophysiology 53, 965–973. doi: 10.1111/psyp.12656

Sauseng, P., Griesmayr, B., Freunberger, R., and Klimesch, W. (2010). Control mechanisms in working memory: a possible function of EEG theta oscillations. Neurosci. Biobehav. Rev. 34, 1015–1022. doi: 10.1016/j.neubiorev.2009.12.006


Savelsbergh, G. J. P., Kamper, W. J., Rabius, J., De Koning, J. J., and Schöllhorn, W. I. (2010). A new method to learn to start in speed skating: a differential learning approach. Int. J. Sports Psychol. 41, 415–427.


Schmidt, R. A. (1975). A schema theory of discrete motor skill learning. Psychol. Rev. 82, 225–260. doi: 10.1037/h0076770


Schöllhorn, W. I. (1999). Individualität—ein vernachlässigter Parameter? Leistungssport 29, 7–11. [Individuality—a neglected parameter? Comp. Sports 29, 7–11].



Schöllhorn, W. I. (2000). Applications of systems dynamic principles to technique and strength training. Acta Acad. Olympiquae Estoniae 8, 67–85.



Schöllhorn, W. I., Beckmann, H., Janssen, D., and Drepper, J. (2010). “Stochastic perturbations in athletics field events enhance skill acquisition,” in Motor Learning in Practice. A Contraints-Led Approach, eds I. Renshaw, K. Davids and G. J. P. Savelsbergh (London: Routledge), 69–82.


Schöllhorn, W. I., Hegen, P., and Davids, K. (2012). The nonlinear nature of learning—a differential learning approach. Open Sports Sci. J. 5, 100–112. doi: 10.2174/1875399x01205010100


Schöllhorn, W. I., Michelbrink, M., Beckmann, H., Trockel, M., Sechelmann, M., and Davids, K. (2006). Does noise provide a basis for the unification of motor learning theories? Int. J. Sports Psychol. 37, 34–42.



Schöllhorn, W. I., Michelbrink, M., Welminski, D., and Davids, D. (2009). “Increasing stochastic perturbations enhance skill acquisition and learning of complex sport movements,” in Perspectives on Cognition and Action in Sport, eds D. Araujo, H. Ripoll and M. Raab (Hauppauge, NY: Nova Science), 59–73.



Sederberg, P. B., Kahana, M. J., Howard, M. W., Donner, E. J., and Madsen, J. R. (2003). Theta and gamma oscillations during encoding predict subsequent recall. J. Neurosci. 23, 10809–10814.


Serrien, D. J. (2009). Interactions between new and pre-existing dynamics in bimanual movement control. Exp. Brain Res. 197, 269–278. doi: 10.1007/s00221-009-1910-6

Tanaka, S., Sandrini, M., and Cohen, L. G. (2011). Modulation of motor learning and memory formation by non-invasive cortical stimulation of the primary motor cortex. Neuropsychol. Rehabil. 21, 650–675. doi: 10.1080/09602011.2011.605589


Tanaka, T., Suzuki, K., and Imanaka, K. (2005). An EEG study on contextual interference. J. Sport Exerc. Psych. 27S, S151–S152.


Tóth, B., Kardos, Z., File, B., Boha, R., Stam, C. J., and Molnár, M. (2014). Frontal midline theta connectivity is related to efficiency of WM maintenance and is affected by aging. Neurobiol. Learn. Mem. 114, 58–69. doi: 10.1016/j.nlm.2014.04.009

Travis, F., and Shear, J. (2010). Focused attention, open monitoring and automatic selftranscending: categories to organize meditations from Vedic, Buddhist and Chinese traditions. Conscious Cogn. 19, 1110–1118. doi: 10.1016/j.concog.2010.01.007

Wagner, H., and Müller, E. (2008). The effects of differential and variable training on the quality parameters of a handball throw. Sports Biomech. 7, 54–71. doi: 10.1080/14763140701689822


Wróbel, A. (2000). Beta activity: a carrier for visual attention. Acta Neurobiol. Exp. (Wars) 60, 247–260.


Wymbs, N. F., and Grafton, S. T. (2009). Neural substrates of practice structure that support future off line learning. J. Neurophysiol. 102, 2462–2476. doi: 10.1152/jn.00315.2009

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 © 2016 Henz and Schöllhorn. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution and 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/fnbeh-10-00199-g001.gif
Accuracy (in %)

Hit Ratio

1.

Initial Test Repetitive Training

Training





OPS/images/fnbeh-10-00199-g002.gif
Baseline Rest DL Repetitive Training

26





OPS/images/crossmark.jpg





OPS/images/fnbeh-10-00199-i001.gif





OPS/images/cover.jpg
, frontiers |
In Behavioral Neuroscience

Differential Training Facilitates
Early Consolidation in Motor
Learning









OPS/images/logo.jpg
’ frontiers )
in Behavioral Neuroscience





