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Objective: To investigate kinematic and muscle activity differences during the sleep-push movement in elite field hockey players. We hypothesized that players with specialized sleep-push movement training (specialists) would possess a lower center of mass (CoM) and enhanced reproducibility of muscle activations during the movement, compared to players without explicit movement training (non-specialists).

Methods: Ten field hockey players of the Belgian national field hockey team performed the sleep-push movement (5 specialists and 5 non-specialists). Muscle activity and kinematic data were recorded using EMG to evaluate the reproducibility of muscle activations by cross-correlation analysis and power spectral features across the movement, while a motion capture system was used to assess kinematics.

Results: Compared to non-specialists, specialists had significantly (p < 0.05) increased stick velocity (9.17 ± 1.28 m/s versus 6.98 ± 0.97 m/s) and lower CoM height (141 ± 52 mm versus 296 ± 64 mm), during the second part of the shot. Specialists also showed a significant (p < 0.05) lower power spectrum in the activity of the upper limb muscles before the shot. Superimposition of the auto crosscorrelation results demonstrated a high degree of reproducibility in specialists’ muscle activations.

Conclusion: Sleep-push movements realized by elite players who are specialists in the sleep-push movement presented significant kinematics and muscular activation differences when compared to the sleep-push movements realized by elite players who were not specialists in such movement. Characterization of the specific movement and the related high-level performer’s muscular strategies offers the possibility of translating sport science findings into functional training with concrete applications for coaches, players, and other key stakeholders for the continued development of the field.
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Introduction

Elite performance in sports largely depends on a host of physiological factors, of which, proper motor coordination of numerous muscles is crucially important (Feldman et al., 1995; d’Avella and Lacquaniti, 2013; Ivanenko and Gurfinkel, 2018). Constant recalibration of motor strategies must be performed by the central nervous system (CNS) to achieve task success (Gaveau et al., 2014; Shadmehr, 2017). Professional athletes provide a unique opportunity to study highly practiced movements, resulting in highly coordinated motor control strategies and heightened performance compared to a non-athlete (Vanderstukken et al., 2020). In the context of sport competition, the ability to quantify performance-based differences, as they relate to neuromuscular activity and postural control, across elite professional athletes with and without specialized training, should provide insight into nuanced motor control strategy. The comparison of elite athletes of the same sport, where specialization is position-specific, may result in findings that can be integrated into coaching strategy (McGuinness et al., 2020; Goods et al., 2022).

Previous studies have analyzed field hockey through both a physiological and psychological lens, exploring biochemistry, anthropometric characteristics, or game strategy (Elferink-Gemser et al., 2007; Macutkiewicz and Sunderland, 2011, 2018; Huijgen et al., 2013; Sunderland and Edwards, 2017; Leyhr et al., 2018); For example, it has been shown that the same protocol of hamstring muscle stretching produced different ranges of movement, passive resistance to stretches, and muscular activity in elite field hockey players compared to normal subjects (Jaeger et al., 2003). Also, elite field hockey players have shown altered intramuscular and intermuscular balance ratios during maximal shoulder-girdle contractions, suggesting a sport-specific adaptation to optimize the coordinated activity of the scapulothoracic muscles (Vanderstukken et al., 2020). However, few have studied the sleep-push shot (also called drag-flick; Yussof et al., 2008; de Subijana et al., 2011; Gómez et al., 2012; Ibrahim et al., 2017; Ng et al., 2018). Therefore, kinematic information is limited (Yussof et al., 2008; de Subijana et al., 2011). This movement consists of an approach phase, shot phase, and follow-through, which occur sequentially as the player reaches the ball and swings the stick. As there are only right-handed sticks, the sleep push is performed with a similar whole-body orientation across players. The left leg is the closest to the goal and provides stability during the shot. The right leg is considered the drive leg: the leg which propels the body forward thus aiding in ball acceleration. Several studies have focused on technique improvement (de Subijana et al., 2011; Meulman et al., 2012), but none have characterized potential differences in kinematic and muscular activity, which may improve training or coaching strategies.

In sporting situations, the ability to assess neuromuscular activity is often done through EMG measurement (Barnamehei et al., 2018). Importantly, highly dynamic movements, like the sleep-push shot in field hockey, require refined control of muscles in the upper and lower extremities, in addition to postural muscles. Concerning the sleep push, task success corresponds to scoring a goal. Accuracy across shots and throughout a season is highly valued. Specialized training of the sleep push should thus foster reproducible accuracy. The capacity to reproduce the same pattern of muscle activity should be higher in those who have trained more extensively: the sleep-push specialists. Conveniently, EMG signals are good physiological indicators of the temporal structure of motor strategies. It is possible to compare the temporal component of EMG signals with cross-correlation analysis (Cheron, 2015). Cross-correlation is a method frequently used to compare muscle activations between the same or different muscles (Amblard et al., 1994; Cheron et al., 1997, 2001; Wren et al., 2006; Dorel et al., 2008; Bengoetxea et al., 2010). Furthermore, the spectral features of EMG represent additional means to quantify potential differences in muscle activity/inactivity and frequency-specific power (Filli et al., 2019).

Another critical feature in sports gestures is the ability to maintain stability. Corrective movements in response to poor balance result in additional time before the next movement can commence, and in the context of field hockey, could be the difference between an open shot or a well-defended one. CoM measurement is a common method to quantify stability (Orendurff et al., 2004), where when CoM is kept lower, excursions horizontally are minimized, leading to greater balance (Stapley et al., 1999; Mapelli et al., 2014). CoM measures are usually interpreted as indicators of postural stability in quiet standing. However, it seems inadequate to characterize the higher-level performance of athletes who are expected to show superior postural control in dynamic movements (Garcia et al., 2011; Hrysomallis, 2011; Opala-Berdzik et al., 2021). Considering this, we propose that maximizing stability during the sleep-push movement might contribute to better performance and greater shot accuracy. We aimed to assess CoM height in the vertical direction to examine stability across players.

The purpose of this study was to investigate how top field hockey athletes specializing in the sleep-push movement compare to their professional counterparts. We quantified whole-body kinematics and muscle activity to explore the difference in their performance. We hypothesized that the sleep-push specialists would have increased stability, evidenced by lower CoM height and that their muscle activity would show greater reproducibility across trials, relative to non-specialists. We also posited that EMG power may evolve differently between our two groups suggesting that specialists will demonstrate higher reproducibility in muscular activity as previously proposed in elite versus novice athletes (Cheron et al., 2011). Potential differences may be used to create more effective coaching or training strategies for the field hockey community.



Methods


Subjects and experimental conditions

Data were collected from 10 hockey players of the Belgian national team (Red Lions, Olympic Gold Medalists, 2020). Players were in good health, agreed to take part in this study, and signed an informed consent explaining the purpose of the study. All the recordings were performed in a single session during the off-season. Approved by the Ethic comity of CHU Brugmann, and were conducted in conformity with the European Union directive 2001/20/EC of the European Parliament.

5 subjects were specialists in the sleep push and 5 non-specialists. Each participant completed 10 trials, each corresponding to one sleep-push movement. Players began with their back to a standard field hockey goal, turned 180°, paused in a start position, approached the ball, and completed the shot.



Data acquisition and processing

Whole-body kinematics were recorded using a Vicon motion capture system (Vicon, Oxford, United Kingdom). The 10-camera system detects retroreflective markers at a sampling rate of 200 Hz. The cameras were positioned around the subject to record player movements. 29 markers were attached to each subject (using Vicon Bio Mind asymmetric model; Figure 1). 3 markers were positioned on the head: nasion (NA), right tragus (RTRA), and left tragus (LTRA). 2 markers on the upper body: sternum (ST) and 4th thoracic vertebrae (TH4). 4 markers were positioned on both the left (L) and right (R) arms: acromion (ACR), humerus (HU), epicondyle (EPIC) and styloid process of radius (SR). 2 markers on the pelvis: anterior superior iliac spine (EIPS) and iliac crest (IC). 6 markers on both legs: greater trochanter (TR), lateral femoral condyle (FC), head of the fibula (HF), fibula (FI), lateral malleolus (ME), and 5th metatarsal (5 M). 3 markers were also attached to the stick: the first situated closest to the hand (Prox), the next in the middle (Middle), and the third at the distal end (End) of the stick. The coordinate system was defined as: the y-axis was the direction where the subject ran and shot to the goal. The x-axis was perpendicular to the y-axis (horizontal ground plane), and the z-axis was the norm to x-axis and y-axis (corresponding to the vertical direction).
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FIGURE 1
 Marker set-up. Green segments correspond to the right side, and red, the left side. The stick is shown in blue/purple. Markers were placed on the skin at the following anatomical positions: Nasion (NA), right tragus (RTRA), left tragus (LTRA), sternum (ST), 4th thoracic vertebrae (TH4), left and right acromion (LACR, RACR), humerus (HU), epicondyle (EPIC), styloid process of radius (SR), anterior superior iliac spine (EIPS), iliac crest (IC). 6 left and right greater trochanter (LTR, RTR), left and right lateral femoral condyle (LFC, RFC), left and right head of the fibula (LHF, RHF), left and right fibula (LFI, RFI), left and right lateral malleolus (LME, RME), and left and right 5th metatarsal (L5M, R5M). 3 markers were also attached to the stick: the first situated closest to the hand (Prox), the next in the middle (Middle), and the third at the distal end (End) of the stick.


Surface electromyographic activity (EMG) was recorded with the wireless BTS Freeemg system (BTS Bioengineering, Milano, Italy) and synchronized with Vicon. Silver-silver chloride electrode pairs were placed on the following muscles of each subject using a symmetric model: wrist extensor (WE), wrist flexor (WF), lumbar extensor (LE), external oblique (EO), gluteus medius (GM), adductor longus (AL), semitendinosus (ST) and vastus lateralis (VL). EMG activity was recorded at 1000 Hz, bandpass filtered (20–450 Hz), full-wave rectified, smoothed using an averaging filter with a window size of 20 ms, and then normalized between 0 and 1. Data were extracted using Easymove (HumanWaves, Bruxelles, BE) and analyzed in Matlab (R2015b, MathWorks, Inc., Natick, MA). EMG recording issues led to incomplete data for one subject, therefore to keep the groups equal, EMG data was assessed in 8 subjects. In these 8 subjects, two trials (one in each group) contained recording errors, thus 78 trials were analyzed.



Reconstruction of missing markers

Frame-by-frame analysis of trials was conducted to manually identify missed markers during the sleep-push movement. Reconstruction of the rigid body was carried out by correcting missing marker trajectories with the spline function option in Vicon. The suitability of the reconstructed bodies was visually checked and the correction was applied to ensure that no errors in rigid body movement across the sleep-push persisted.



Shoot time and decomposition of the trial

The sleep-push movement was broken down into three temporally distinct segments. For each trial, time 0 corresponded to the moment that the Prox marker of the stick was at its minimum height (Figure 2A). Since the pattern of the Prox marker around the time 0 followed the same path among the subjects, the shot phase was defined as the area between the two local maximums around the time 0 (Figure 2B). Furthermore, the shot phase had two distinct phases – the initial shot phase, before time 0, and the latter shot phase, after time 0. Then, the two other components of each trial included the approach phase (phase before the shot) and the follow-through phase (the phase after the shot). During the approach phase, the player moved toward the ball and transitioned into the shot phase, where the player made contact with the ball (occurs on the right side of the body), and then finished the movement with the follow-through of the stick toward their left side.

[image: Figure 2]

FIGURE 2
 Stick height and depiction of sleep-push movement. The blue line represents the height of the Prox marker on the stick of one subject during one trial and the red point was the minimum of the Prox marker and was defined as the time 0 used to synchronize all subjects and trials between them (A). The shot part was delimited between the two local maximums around the time 0 (B). The three yellow points were used to delimit the shot part: start of shot part, time 0, end of the shot part (C).




Spatio-temporal parameters

For each subject and each trial, the times, the height of the stick, and the stick velocity were calculated for the shot phase, before time 0, and after. In addition, the Center of Mass (CoM) was calculated and reported through the variation of height and velocity.

The CoM of each subject was defined as the centroid of a 13-segment model (3 leg segments, pelvis, thorax, 2 arm segments, and head). The lower body model used in this study was based on Davis et al. (1991) and the upper body model was based on Gutierrez et al. (2003). The CoM was calculated in the x-axis based on the following formula:

[image: image]

where XCoM was the position of the CoM on the x-axis, mi was the mass of each segment, zi was the center’s position of the segment and M is the body mass.

Based on the same formula, the CoM was calculated on the y-axis and z-axis.

Because of the incomplete reconstruction of CoM related to missing markers, 93 trials were calculated (45 movements made by specialists and 48 movements made by no specialists). For consistency, the same 93 trials were used to analyze all spatiotemporal parameters.



Cross-correlation analysis

To compare the repeatability of the EMG pattern for the same muscle (auto cross-correlation) and between muscles through each trial, the normalized cross-correlation function (CFF) was calculated. The cross-correlation coefficient represents the correlation (similarity) between two series by adding a different amount of time lag (τ) between these two series. As previously described in Bengoetxea et al. (2010), the CCF function is defined as:

[image: image]

where d1 and d2 were two EMG signals, μn, and σn were the mean and the variance of the signals dn. τ was the lag time between the two signals and was expressed in ms. T represented the time window where the CCF was performed. The calculation of the CCF has expressed a value between −1 and 1. A value of 1 corresponds to perfectly correlated signals (activation of the two muscles was performed at the same time) and a value of −1 corresponds to completely out-of-phase signals (when a muscle is activated, the other is inactivated).

CCF calculations were also used to assess different muscle interactions between specialists and non-specialists. Four functional muscle groups were identified for CCF calculation. The upper extremity muscles included: RWE, RWF, LWE, and LWF, and postural muscles: RLE, REO, LLE, and LEO. The third was the zone of the upper thigh: RGM, RAL, LGM, and LAL. And the fourth was the area of the middle thigh: RST, RVL, LST, and LVL.



Frequency analysis

The time course of muscle activation and spectral characteristics of the EMG signals were quantified using frequency analysis. Grand average signals from each EMG were separated between the two groups for each muscle and side and compared using a t-test. All calculations were done with EEGLAB (Delorme and Makeig, 2004 and Matlab toolbox)



Statistics

Descriptive statistics included means and standard deviation (SD). Since the spatiotemporal results followed non-normal distribution, Wilcoxon rank-sum tests were conducted on Matlab to detect differences between groups. The significance level was set a priori to 5%. To look for differences between the two groups in CoM and cross-correlation coefficient, a repeated measure ANOVA was done with Matlab. To evaluate the difference in group average and frequency analysis, a t-test was performed using EEGLAB toolbox.




Results


Spatiotemporal parameters

Results for the spatiotemporal parameters are shown in Figure 3 and Table 1. The time during the initial shot phase tended to be faster for the non-specialists in comparison to the specialists (0.45 s and 0.53 s respectively), but slower during the second part (0.35 s and 0.25 s), with only this later shot duration reaching statistical difference (Table 1). These results highlighted the fact that the specialists finished the sleep push with a faster stick movement. The height of the stick was not significantly different during the initial shot phase but presented a mean value significantly lower in the specialists during the latter shot phase (Figure 3A). The stick velocity supported this finding, with a mean value for the latter shot phase of 9.02 m/s for specialists in comparison to 7.03 m/s for the non-specialists (Figure 3B). Statistically significant differences were also observed between specialists and non-specialists for the CoM: Specialists put their CoM closer to the ground during the initial shot phase and kept their CoM low during the latter shot phase (Figure 3C). They also had a higher CoM velocity during the shot and had a better ability to stabilize the movement of their body when they shot the ball, which was characterized by a higher difference in their CoM velocity during the shot (Figure 3D).

[image: Figure 3]

FIGURE 3
 (A) The mean stick height was calculated for each subject. (B) The mean stick velocity was calculated for each subject. (C) The mean height of the CoM was calculated for each subject. (D) The mean velocity of CoM was calculated for each subject during the shot part. Red line, specialist; Blue line, non-specialist; CoM, Center of Mass.




TABLE 1 Differences between specialist and non-specialists of the sleep-push for several spatio-temporal parameters during different parts of the shot.
[image: Table1]



Mean EMG activity during the sleep-push movement

Figure 4 illustrates the 8 superimposed muscle activation patterns recorded on the left (blue line) and right (red line) sides of the body, 2 s before and 1 s after the shot in a non-specialist and specialist representative subjects. The sleep push was characterized by complex combinations of EMG patterns. For all recorded muscles except for the WE and WF, the activation patterns presented more than 2 bursts of muscle activity. For the WE, the non-specialist showed a ramp-like activation of both arms while the specialist presented more bursting activity before the shot. The same distinction was also present in the WF activation. It is interesting to note that the reciprocal left and right bursting activity of the ST muscle both subjects. The VL possessed similar reciprocal bursting patterns. Other muscles, best evidenced by AL, showed synchronous left and right muscle activity before the shot.

[image: Figure 4]

FIGURE 4
 Mean EMG activity of two representative subjects. Red lines are the right side of the body, blue lines are the left side. The black line represents the time 0. EMG activity was rectified, smoothed, and normalized for each trial. NO SPE, non-specialist; SPE, specialist; WE, wrist extensor; WF, wrist flexor; LE, lumbar extensor; EO, external oblique; GM, gluteus medius; AL, adductor longus; ST, semitendinosus; VL, vastus lateralis.




Auto cross-correlation to assess the repeatability of activation

To show if the specialist’s muscles were more similar during the repeated movement, auto CCF were performed for all the trials and each muscle. The superimposition of the auto CCF demonstrated a high degree of reproducibility of each muscle and both body sides across players (Figure 5). Only the WE muscle of the left side presented a greater CCF max in the specialists. Similarly, the left ST muscle demonstrated a similar pattern, although to a lesser extent (Table 2). The time lags remained close to zero except for the WE of the left side presenting a larger and highly variable time lag in the non-specialist group (−67 ms versus −2.7 ms for the specialists). The reverse situation occurred for the ST muscle of the right side presenting a larger time lag with less variability for the specialists.

[image: Figure 5]

FIGURE 5
 Mean of the auto cross-correlation curves for each muscle and each subject. Cross-correlation function was performed during the shot with a time window of 500 ms. Red line, specialist; Blue line, non-specialist. WE, wrist extensor; WF, wrist flexor; LE, lumbar extensor; EO, external oblique; GM, gluteus medius; AL, adductor longus; ST, semitendinosus; VL, vastus lateralis; CCF, cross-correlation function.




TABLE 2 Auto cross-correlation coefficients and time lags for the reproduction of the sleep-push.
[image: Table2]



Cross-correlation between muscles

Figure 6 illustrates the CCF performed between the muscles of the upper and lower parts of the body. It was not possible to make a clear distinction between specialist and non-specialist athletes using CCF analysis. However, in the comparison of these CCF pairs, we may highlight the following characteristics of muscle coordination during the shot: (1) the CCF between LWF and RWE were synchronized, (2) the RWF was activated before RWE, (3) the postural muscle (LLE, LEO, REO and RLE) did not present a clear CCF peak, (4) the LAL muscle was activated 100 ms before the LGM muscle, (5) the RST was activated 100 ms before the LVL and 100 ms after the RVL; (6) LST activity shared similar timecoures with RST and RVL activity.

[image: Figure 6]

FIGURE 6
 Mean CCF between muscles of upper (left) and lower (right) body parts. Each panel indicates the CCF between muscles represented on the horizontal line and vertical line. Red line, specialists. Blue line, no-specialists. If the peak value was on the left of lag 0, it meant that the muscle written on the horizontal line was activated before the muscle written on the vertical line. If the peak value was on the right, it was the inverse. WE, wrist extensor; WF, wrist flexor; LE, lumbar extensor; EO, external oblique; GM, gluteus medius; AL, adductor longus; ST, semitendinosus; VL, vastus lateralis.




Frequency analysis

To compare the results more specifically, an average for each group was done during −2 s to 0.31 s (the shortest EMG time of all subjects) and a t-test was performed. Figure 7 illustrates the t-test results. The difference between the two groups started with the upper body at the beginning of the movement and then went down to the lower body when doing the shot.

[image: Figure 7]

FIGURE 7
 Frequency analysis performed on the upper body muscles. Left column represents the left muscles and right column represents right muscles. In each picture, the first square is the result for non-specialists, the second square is the result for specialists and the last one is the t-test result. Red color, higher power, blue colour, lower power. The singular points (third column on each side) represent significant differences between groups. WE, wrist extensor; WF, wrist flexor; LE, lumbar extensor; EO, external oblique.


There were significant differences in the flexor and extensor muscles of the wrist before the shot, but during the shot, the activation tended to remain the same. Immediately before starting the shot, differences occurred in the postural muscles (RLE, REO, and LLE). During the shot, there were significant differences in the leg muscles (RAL, RST, RVL, LGM, and LAL). As explained above, the frequency of each EMG was calculated and then averaged by groups. These results were plotted on a color image representing the frequency power of upper and postural (Figure 7) and lower (Figure 8) body muscles. The left wrist muscle (WE) of the specialist group presented a lower power before and −1 s and a short increase of power at 0 while the non-specialist maintained a power increase during the preparatory period and a lower power at the time of the shot. The same muscle strategy in favor of EMG inhibition was recorded in other upper limb muscles (right WE, left and right WF, and left LE) of the specialist group (Figure 7). The same tendency of short EMG inhibition in the specialist group was also found for some muscles of the lower body such as the right ST and the left and right VL (Figure 8).

[image: Figure 8]

FIGURE 8
 Frequency analysis performed on the lower body muscles. Left column represents the left muscles and right column represents right muscles. In each picture, the first square is the result for no-specialists, the second square is the result for specialists and the last one is the t-test result. Red colour, higher power, blue colour, lower power. The singular points (third column on each side) represent significant differences between groups. GM, gluteus medius; AL, adductor longus; ST, semitendinosus; VL, vastus lateralis.


The lumbar extensor muscles of specialists were more synchronized between the right side and the left side. For the right external oblique, specialists seemed to activate this muscle longer compared to non-specializists before the shot, while the left side was seemed to be more active during and immediately after the shot. The gluteus medius (GM) had the same pattern between groups for the right side (no statistical difference), while the left side was different before the shot part. In the specialist, one activation was visible around −0.5 ms while for the non-specialist group, two activations were presented. There was also a slight difference after the time 0: the specialists activated the muscle more strongly.

The right adductor longus (AL), possessed bursting activity in across both groups, with each burst occuring before the shot (− 0.5 s) and lasting approximately 500 ms. On the left side, burst behavior looked similar in both groups, with specialists tending to have longer and more intense contractions.

For the two groups, the ST muscle showed reciprocal activation patterns between the right and the left side, meaning with the left was active, the right was not, and vice versa. The VL showed the same pattern between groups, although the muscles from both sides were less activated for specialists at the beginning of the movement, and the right side had a longer activation time just before the time 0.

Three main results were thus extracted from these figures: (1) specialists’ muscle showed less activity during the approach phase, (2) specialists seemed to possess stronger muscle activity with more precise bursting patterns, and (3) burst duration in the lower body was similar between groups and tended to last approximately 500 ms.




Discussion

The present study showed that compared to non-specialists, sleep-push shot specialist players had significantly increased stick velocity during the second part of the shot. Specialists also showed a significantly lower power spectrum in the activity of the upper limb muscles before the shot. Superimposition of the auto crosscorrelation demonstrates a high degree of reproducibility in muscle activations. The sleep-push shot in field hockey is a dynamic movement, requiring the coordinated effort of the entire body. Across sports science literature, biomechanical and muscle-based properties are typically compared between those with specific sports experience and their untrained counterparts. Less common is the comparison of elite athletes within the same discipline; however, this type of study design may be more informative for developing coaching or training strategies for elite-level athletes. Indeed, our analysis highlights distinct kinematic and muscle activation strategies depending on player specialization. Our results indicate that specialists tend to finish their sleep-push shot with a lower CoM, reach a higher stick velocity, and possess stronger muscle inactivation before the shot phase of the sleep-push. CCF analysis revealed similar muscle activation reproducibility across both groups. One of the main limitations of this study is the fact that the two groups were uniquely categorized with respect to their ability to perform the sleep-push movement. It would have been very interesting to have access to additional information such as anthropometric data, years of practice in the discipline, and the details of the specific training followed by the specialist players in the sleep-push movement.

Field hockey coaches may thus take advantage of these findings to measure the progress of players or evaluate the effectiveness of a training paradigm. Coaching with an emphasis on biomechanical principles (Knudson, 2007) may improve performance. In contrast, attentional focus on muscles during exercise resulted in poor muscle coordination (Lohse and Sherwood 2012). Nonetheless, empirical data from the sleep-push movement reveals the training-specific differences across players – the question remains as to how this information can be translated into meaningful coaching strategy.


Stick movement and CoM height

Because the goal of the sleep-push is to shoot a ball past a goalie and/or defenders into a fixed space, it would follow that a higher speed shot may be more advantageous because it is more difficult to defend. We show that stick velocity was higher for the specialized compared to the non-specialized players (Table 1). This result supports previous studies showing that experts possessed increased velocity when performing a shot or explosive actions in sport (van den Tillaar and Ettema, 2006; Rousanoglou et al., 2010; Maffiuletti et al., 2016; Del Vecchio et al., 2019; Mota et al., 2019). Measurement of stick velocity may be a useful tool for evaluating the effectiveness of sleep-push training in a highly competitive sporting environment. Though our experimental set-up used a motion capture system to assess stick velocity, it may be more accessible to use an accelerometer to measure velocity in non-laboratory settings.

Another important feature of sport, especially during and after complicated movements, is postural stability. The sleep-push movement is characterized by the dynamic contortion of the upper extremities relative to the lower body, and without proper balance, shot success may suffer. We report that specialists possessed a lower CoM as they finished their shot, compared to the non-specialists (Figure 3 and Table 1). Importantly, in the context of a field hockey game, after completing a sleep-push movement, i.e., taking a shot on goal, the player must react and move according to the shot outcome. This means that ending the shot in a more stable position may encourage a more efficient reactive movement after the shot, whereas a less stable position may add precious time because corrective movements may be necessary. Some studies have demonstrated improved stabilization in experts of a specific movement compared to novices (Era et al., 1996; Davlin, 2004). Furthermore, anticipatory postural adjustments (APAs), important for stability maintenance during dynamic movements, have been shown to modulate with training. Motor performance appears to benefit from these changes in training-related improvement of APAs (Saito et al., 2014; Cavallari et al., 2016). In this view, specialized training promotes an increased ability to correct postural disturbances, with low CoM height representing a tangible metric for postural evaluation.



Auto and cross-correlation within muscles and between muscles

The present results indicate a predominance of muscular inhibition in the sleep push specialists which might be in line with a ballistic mode of control implying a pre-movement inhibition before the acting pulse and clearcut reciprocal inhibition between the antagonistic muscle couples. Interestingly, it has been shown that long-term training modulates the cortical inhibitory command in a task- and muscle-specific manner where explosive training is followed by decreased intracortical inhibition and improvement of the associated performance (Taube et al., 2020).

Muscle activation reproducibility, as evaluated by the CCF coefficient, revealed similarities between the two groups. Our auto cross-correlation analysis showed that both athlete groups had high reproducibility of muscles between trials, with player specialization corresponding to three significantly different CCF coefficients: left wrist flexor, right external oblique, and right gluteus medius. Although these three muscles possessed increased mean CCF coefficients, to argue that muscle activation reproducibility is enhanced in the specialized players would be inaccurate. It is important to remember that all athletes in this study are elite, meaning they are top performers in their sport at the country level. Due to their generalized training over time, it can be speculated that persistent stick practice, whether shooting or passing, promotes patterned muscle activation. Without consistent and reliable muscle activation, field hockey play may become difficult. Therefore, the similar reproducibility of muscle activation between trials for both specialized and non-specialized players is in line with idea that elite play may be dependent on enhanced muscle coordination, which is not necessarily unique to a singular movement type.

In accordance with the auto cross-correlation, muscle comparisons of muscle activity via cross-correlation revealed similarities across the specialists and non-specialists. No consistent findings were identified, demonstrating that the muscle activation patterns in the sleep-push movement were quite similar between groups. The lack of difference may be due to a similar time-course of muscle activation or due to high variability among the participants. This may be improved in the future by increasing the sample size. Importantly, variability could be attributed to noise in the measurement caused by dynamic movement (i.e., movement artifact), or differing muscle activity strategies that could reflect varying mechanical approaches for the same movement.



Frequency analysis

Analysis of the sleep-push movement in the frequency domain allowed for the assessment of EMG spectral power over time. The evolution of muscle activity across muscles and groups remained relatively consistent over the sleep-push movement. Upper extremity and lower extremity muscles, when active, tended to possess similar, although not identical frequency components (see Figures 7, 8). This indicates that active muscles were operating at similar frequencies across the movement and this is evidenced in the sparseness of points in the right columns of the respective figures, where points represent significant differences between groups. However, the left wrist extensor muscle and lumbar extensor muscle revealed a dense collection of points indicating significant differences between groups. Compared to the non-specialists, specialists of the sleep-push had significantly less active muscles at time − 1,000 ms. This finding indicates a relaxation during the sleep-push movement, potentially giving rise to a more efficient movement.

Similarly, the lower extremity possessed little difference between groups. The left vastus lateralis possessed the clearest difference between groups (see Figure 8), where specialists had less activation ~1,200 ms before time 0. Again, this muscle coordination strategy may enable more fluid movement as the shot approach requires dynamic knee flexion, and vastus lateralis relaxation may serve to promote a more effective sleep-push strategy. Importantly, the most notable differences in the frequency plots occur on the left side and demonstrate inactivation of a muscle in the specialist players. This finding may be useful for coaches and players, where awareness of muscle-based cues could be used during sleep-push practice.




Conclusion

The ability to detect kinematic and muscle-based differences across a performance spectrum would confirm that specialized movement training is effective. Indeed, we have identified unique features of the sleep-push movement in players specializing in the sleep-push movement. Our most salient findings include increased stick velocity during the shot, low CoM height after the shot, and increased muscle relaxation upon shot approach.

As expected, the players specializing in the sleep-push movement possessed different traits than their non-specialized counterparts. These differences, within an elite group of athletes, highlight factors that may be exploited by coaching and/or training strategy. As reported across a range of sporting disciplines, motor learning may be enhanced in athletes, compared to non-athletes (di Cagno et al., 2014; Verburgh et al., 2016; Seidel et al., 2017). Elite athletes may stand to benefit from studies of their elite teammates or competition, where they can easily integrate findings into their performance strategy. Additionally, with the growth of sports science within the professional sports community, studies like this one are becoming more feasible. Accessibility of instrumentation, ability to analyze and interpret data, and subsequently translate into a real sports setting are the pivotal steps that must be taken for athletes to benefit.
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