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Abstract

:

Wheelchair basketball players often develop shoulder pain due to repetitive wheelchair propulsion motion. Wheelchair propulsion involves two phases, push and recovery, with several different muscles simultaneously active in each phase. Although differences in the coordinated activity of multiple muscles may influence the mechanism of injury occurrence, there have been no studies investigating muscle synergy in wheelchair propulsion motion. Twelve healthy adult males with no previous wheelchair driving experience were included. The surface electromyography data of 10 muscles involved in shoulder joint movements were measured during a 20 m wheelchair propulsion motion. Muscle synergies were extracted using non-negative matrix factorization analysis of the electromyography data. Four muscle synergies were identified during wheelchair propulsion. Synergy 1 reflects propulsion through shoulder flexion and elbow flexion, while Synergy 2 involves shoulder flexion and elbow extension. Synergy 3 describes shoulder extension returning the upper limb, which has moved forward during the push, back to its original position, and Synergy 4 relates to stabilize the shoulder girdle during the recovery phase. This study is the first to explore muscle synergy during wheelchair propulsion, and the data from healthy participants without disabilities or pain will provide a baseline for future comparisons with data from wheelchair basketball players.
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1. Introduction


Wheelchair basketball (WB) is a parasport designed to allow individuals with impaired motor functions to enjoy playing basketball. Although the size of the court and the height of the baskets remain the same as those in basketball, in WB, the game is played while seated in a wheelchair. WB has been an official sport since the first Paralympic Games and is considered one of the most popular sports [1]. Participation in WB provides athletes with several physical and psychological benefits, such as enhanced cardiopulmonary function and muscle strength [2], but also carries a high risk of injury. The Rio 2016 Paralympic Games injury survey reported a high injury incidence rate for wheelchair sports (WB, wheelchair fencing, and wheelchair rugby), with WB having the highest injury incidence rate at 8.0%, compared to wheelchair fencing at 3.1% and wheelchair rugby at 3.9% [3]. Focusing on the site of injuries, injuries to the upper limbs account for 47.2% of all injuries in WB, with the shoulder joint specifically representing the largest percentage at 22.2% [4]. Athletes participating in WB perform repeated overhead movements, which increases their risk of developing shoulder joint injuries involving the rotator cuff and labrum, compared to other wheelchair sports [5,6]. In fact, between 14.0% and 75.0% of WB players report experiencing shoulder pain, suggesting a significant tendency for shoulder joint injuries among these athletes [7].



In WB, repetitive upper limb movements, such as passing, shooting, and wheelchair propulsion, contribute to the increased incidence of shoulder joint injuries [8]. Particularly, the wheelchair propulsion motion is crucial for achieving better performance in WB, which requires quick movement around the court in a wheelchair [9]. Generally, wheelchair propulsion motion is divided into two phases: the push phase (PP), during which the hands are in contact with the hand rim, and the recovery phase (RP), during which the hands leave the hand rim and last until the hands contact the hand rim again [10]. A study investigating muscle activity during daily wheelchair propulsion reported increased muscle activity of the anterior deltoid (AD), biceps brachii (BB), and pectoralis major (PM) during the PP but increased muscle activity of the middle deltoid (MD), posterior deltoid (PD), and upper trapezius (UT) during the RP [11]. Additionally, the infraspinatus (IS) was active in both the PP and RP phases, and the triceps brachii (TB) began to be active in the latter half of the PP and showed high activity in the RP [11]. Thus, the muscles with high activity in each phase of the propulsion motion differ, with shoulder flexors mainly active in the PP and shoulder extensors mainly active in the RP. However, previous studies have focused only on examining the activity of individual muscles, and there have been no investigations into the coordinated activity of muscles acting simultaneously.



Coordinated muscle activity can be assessed through muscle synergy analysis, which evaluates the functional modules of motion by the central nervous system [12]. Since the modules coordinate the activation of muscle groups with different weights under the control of the nervous system during the accomplishment of certain movements [13], understanding the functional modules in movement can provide insight into basic motor control science and motor coordination strategies [14]. In most cases, the muscle synergies are extracted using the non-negative matrix factorization (NMF) analysis, an algorithm proposed by Lee and Seung [15]. From the electromyography (EMG) data, NMF analysis can be used to extract two components of the module: “muscle weighting”, which indicates the coordination of multiple muscles (muscle synergies), and “activation coefficient”, which determines the timing of the muscle synergy activity. For example, it was found that while the same number of muscle synergies were controlled in the jump landing of chronic ankle instability patients as in healthy participants, the synergies that control knee joint motion by the vastus lateralis and the lateral head of the gastrocnemius were deficient and a compensatory movement strategy by the gluteus maximus was used [16]. In addition, the module of ankle motion showed an increase in the muscle weighting of the tibialis anterior [16]. This was the basis for the demand for a new rehabilitation treatment for patients with chronic ankle instability. Recently, muscle synergy analysis has been applied to sports motion, and muscle synergies differ depending on performance level and the presence of injury [17,18]. Given the expected increase in the number of WB players, the need for studies on performance improvement and injury prevention in WB will likely become even more pronounced. As one measure, understanding the muscle synergy comprising wheelchair propulsion enables the assessment of coordinated muscle activity during movement, leading to more specific and efficient training and injury prevention programs.



In this study, we aimed to investigate the muscle synergy in the periarticularis muscles of the shoulder joint during WB wheelchair propulsion motion. We hypothesized that there are distinct muscle synergies for the PP and RP of wheelchair propulsion motion, with the PP constituting a synergy primarily with the shoulder flexor muscles and the RP constituting a synergy primarily with the shoulder extensor muscles. As a first attempt in this research project, the identification of muscle synergy during wheelchair propulsion motion in healthy participants unaffected by disability or pain will provide useful information as standard data to be compared with that of wheelchair basketball players in the future.




2. Materials and Methods


2.1. Participants


Twelve healthy adult males (age, 23.3 ± 1.5 years old; body mass index, 22.7 ± 2.7 kg/m2; mean ± standard deviation) participated in this study. The inclusion criteria were as follows: (1) no orthopedic disease in the upper limbs, lower limbs, or trunk within the past 6 months, (2) no physical pain at the time of measurement, and (3) no previous experience driving a wheelchair for WB. In this study, healthy participants without any prior experience driving a wheelchair were chosen to eliminate the influence of competition level on muscle synergy. The exclusion and discontinuation criteria included difficulty in continuing measurements due to pain during the measurement. All the participants were right-handed.



Following the principles of the Declaration of Helsinki, the outline of this study was fully explained, and written informed consent was obtained from all the participants. This study was approved by the Ethics Committee for Epidemiology of Hiroshima University (approval number: E2022-0075).




2.2. Experimental Setup


The task movement was wheelchair propulsion for 20 m in a straight line with maximum effort. The crossing times at 5 m from the start line and 20 m from the finish line were measured using a stopwatch. Approximately 10 min of practice time was provided to standardize the wheelchair propulsion motion before measurement.



The same WB wheelchair was used for all participants in this study. Therefore, the seat height was adjusted with a cushion such that the elbow joint flexion angle was 100°–120° when grasping the top edge of the hand rim to eliminate the influence of differences in body size among participants [19].



A DSP wireless dry-type myoelectric sensor (SS-EMGD-HMAG; Sports Sensing Corporation, Fukuoka, Japan) with a built-in three-axis acceleration/angular velocity sensor was used to measure the acceleration data during wheelchair propulsion. The sensor was installed behind the wheelchair parallel to the floor. The sampling frequency was 1000 Hz.



Surface EMG was performed using the same electrodes used to measure the acceleration. Because the assumption of bilateral symmetry is considered valid for wheelchair propulsion motion in healthy participants without upper limb pain or disability [20], this study measured muscle activity only on the dominant side. As shown in Figure 1, the electrodes were attached to a total of 10 muscles: latissimus dorsi (LD), AD, MD, PD, BB, TB, IS, PM, UT, and serratus anterior (SA) [11]. The electrode placements were based on previous studies [21,22]. Before attaching the electrodes, the skin was rubbed with alcohol cotton to reduce impedance. Acceleration and surface EMG data were synchronized by unifying the sampling frequency of the electrodes at 1000 Hz.




2.3. Data Analyses


All data analyses were performed using the MATLAB numerical analysis software (MATLAB R2023a; MathWorks, Inc., Natick, MA, USA).



The propulsion phase was identified based on the acceleration data in the forward and backward directions. The acceleration data were low-pass filtered at a cutoff frequency of 12 Hz using a fourth-order zero-lag Butterworth filter to remove random noise [23]. In addition, low-pass filtering was applied at a cutoff frequency of 4 Hz to identify the propulsion phase [24]. The point in time when the acceleration transitions from negative to positive values indicates the start of the PP, whereas from positive to negative values indicates the start of the RP (Figure 2). In this study, 10 consecutive propulsion cycle data points from the propulsion motion after passing through the 5 m point were extracted for analysis. The proportion of time that the PP occupied each cycle was calculated, and an average of 10 cycles was obtained.



A fourth-order Butterworth bandpass filter (cutoff frequency, 20–450 Hz) was applied to the extracted raw surface EMG data to remove signal noise. Moreover, a linear envelope signal was obtained by full-wave rectification and fourth-order Butterworth low-pass filtering (cutoff frequency, 8 Hz) to smooth out the wavy lines [14]. The filtered surface EMG data of each muscle were normalized based on the maximum value during the 10 cycles and interpolated to 100 points to unify the time among cycles [25].




2.4. Methods of Extracting Muscle Synergies


NMF analysis was performed to extract muscle synergies from the preprocessed surface EMG data [15]. Muscle synergies are expressed by Equation (1):


X = W*H + e



(1)







X refers to the matrix of the surface EMG data, represented by an m × n matrix (m, number of muscles measured; n, number of data points). The NMF analysis factorizes X into muscle weighting (W) and activation coefficient (H) components and solves the calculation such that e (the error between X and W*H) is minimized. W consists of an m × k matrix (m, number of measured muscles; k, number of muscle synergies), and H consists of a k × n matrix (k, number of muscle synergies; n, number of time data points). In this study, surface EMG data were measured from 10 muscles, and a propulsion cycle was interpolated to 100 points, which means m = 10 and n = 100.



k was determined based on the variance accounted for (VAF). The VAF is a measure of the reproducibility of the surface EMG data matrix reconstructed from the factorized W and H relative to the original matrix X [26]. It is defined as the coefficient of determination obtained from the uncentered Pearson’s correlation coefficient multiplied by 100, which is calculated using the following equation (2):


  VAF   =   ( 1 −      ∑  i = 1   m      ∑  j = 1   n        e   i , j     ²         ∑  i = 1   m      ∑  j = 1   n    (   E   i , j   )     ²    ) × 100  



(2)




where i indicates the number of muscles (1 < i < m = 10) and j indicates the number of time data points (1 < j < n = 100). In this study, two criteria were set: (1) the number of muscle synergies with a VAF > 90% and (2) increasing the number of muscle synergies by one, and not increasing the VAF by > 3%. The smallest k value that satisfied both criteria was adopted [27].



The K-means method, a nonhierarchical clustering analysis, was used to identify muscle synergies common to all participants for muscle weighting (W) components extracted by the NMF analysis. The corresponding H component was extracted for each W component of the identified muscle synergy, and the mean value was calculated.





3. Results


3.1. Kinematic Outcomes


The mean time (mean ± standard deviation) required for a 20 m wheelchair propulsion was 7.5 ± 0.5 s (minimum, 6.9 s; maximum, 7.9 s). The average proportion of time that the PP occupied in a wheelchair propulsion cycle was 44.1 ± 7.2%.




3.2. Muscle Activity in a Wheelchair Propulsion Cycle


The average activity of each muscle during the wheelchair propulsion cycle is shown in Figure 3. Based on the results of the average proportion of time that the PP occupies in one cycle described above, 0–44% of a wheelchair propulsion cycle was considered the PP, and 44–100% was considered the RP in this study.



The AD, BB, PM, and SA were more active from the beginning of the PP, reaching peak activities at 44%, 41%, 46%, and 53% of the propulsion cycle, respectively. The LD, MD, PD, TB, IS, and UT were highly active in the RP; the LD and PD were active at the beginning of the RP, peaking at 69% and 70% of the propulsion cycle, respectively. The MD, TB, IS, and UT gradually increased from the end of the PP, with the MD at 66%, the TB at 61%, the IS at 68%, and the UT at 71%, showing the highest activity in the RP.




3.3. Muscle Synergies in a Wheelchair Propulsion Motion


The muscle synergies of all the participants were classified into four categories. In this study, the authors named each synergy from Synergy 1 to Synergy 4 in the order of when the activity reached its peak.



Figure 4 shows the muscle weighting and activation coefficients for each of the four muscle synergies. Synergy 1 began its activity early in the propulsion cycle and reached its peak activity during the PP (32%). In Synergy 1, the muscles with a contribution >0.3 were those that were mainly active in the PP, such as the AD, BB, PM, and SA, which were 0.44 ± 0.24, 0.38 ± 0.19, 0.41 ± 0.19, and 0.33 ± 0.20, respectively.



Synergy 2 was active for approximately 20% of the propulsion cycle, with the highest activity observed during the transition from the PP to the RP (46%). Synergy 2 had a high contribution from the TB, which started its activity at the end of the PP, in addition to the AD, PM, and SA, which showed a high contribution to Synergy 1. Their contributions were 0.40 ± 0.12 for the AD, 0.41 ± 0.16 for the TB, 0.38 ± 0.17 for the PM, and 0.45 ± 0.07 for the SA.



Synergy 3 was not active in the PP but increased the activity level from the start of the RP, reaching a peak at 70% of the propulsion cycle. Synergy 3 consisted mainly of the PD and TB, among the muscles that showed high activity in the RP. The contributions of the PD and TB to the synergy were 0.42 ± 0.15 and 0.63 ± 0.03, respectively.



Synergy 4 showed increased activity from the RP, with a peak activity at 71% of the propulsion cycle. Thereafter, the activity gradually decreased but remained active until the beginning of the next PP. In Synergy 4, the LD, MD, PD, IS, and UT, which showed high activity in the RP, contributed > 0.3, with values of 0.37 ± 0.17, 0.31 ± 0.16, 0.39 ± 0.18, 0.33 ± 0.19, and 0.36 ± 0.17, respectively.





4. Discussion


We investigated the muscle synergies of the periarticularis shoulder muscles in 12 healthy adult men during the propulsion motion of a wheelchair for WB and found that the motion was performed using four muscle synergies. The results of this study, conducted on healthy participants, may be useful as standard muscle synergy data during wheelchair propulsion without the influence of disability or pain. Participants had no experience driving a wheelchair for WB, so they practiced for 10 min before the measurement, which may not have been sufficient to familiarize them with the wheelchair propulsion motion.



In this study, the percentage of time that the PP occupied in one cycle was 44%, which is similar to 42% in a previous study that performed motion analysis of wheelchair propulsion motion [24]. Therefore, although this study was conducted with healthy participants who were not accustomed to wheelchair propulsion motion, we proceeded with the discussion based on the assumption that the percentage of time the PP occupied in one wheelchair propulsion cycle was a standard result.



Synergy 1 exhibited the highest activity at 32% of the propulsion cycle, and the contributions of the shoulder flexor muscle groups, including the AD, BB, PM, and SA, were high. In the PP, forward propulsion is achieved primarily by the movement of the shoulder joint from extension to flexion. As the shoulder flexion moment and power are maximal at the PP, the activity of the shoulder flexor muscle group is necessary to generate forward propulsion [28]. That is, Synergy 1 can be thought of as a synergy in which the muscles involved in the shoulder flexion movement coordinate their activities to generate forward propulsion.



Synergy 2 exhibited a peak in activity during the transition from the PP to the RP (46% of the cycle), with high contributions from the AD, TB, PM, and SA. Push muscles were active in the range of 13–58% of the propulsion cycle and continued their activity for a short time after the end of the PP [29]. In the present study, the peak activity of each muscle was also after the end of the PP: 44% in the AD, 46% in the PM, and 53% in the SA. Additionally, muscular exertion during the push is shifted from the elbow flexors to the elbow extensors to generate propulsion [30]. The results of the muscle synergy analysis indicated that the shoulder flexors AD, PM, and SA and the elbow extensor TB contributed to forward propulsion in the latter half of the PP by cooperating with each other.



Synergy 3 exhibited the highest activity of 70% during the propulsion cycle (RP). The LD, MD, PD, TB, IS, and UT activities peaked during the RP, of which Synergy 3 had a higher contribution from shoulder extensors, such as the PD and TB. In the RP, the upper limbs must be moved to the starting position of the next PP by shoulder extensor muscle activity. The results of the muscle synergy analysis showed a low contribution of the LD, which also acts on shoulder joint extension. These results suggest that the participants in this study were dependent on the upper limbs, and their motions were not coordinated with the trunk muscles.



Synergy 4 reached its peak activity at 71% of the cycle (RP), with the LD, MD, PD, IS, and UT contributions > 0.3. Because the upper limb motion during the RP does not need to follow the hand rim, it is believed that the upper limb joints have a relatively high degree of freedom [31]. However, considering that individuals with shoulder pain have greater kinematic variables in the RP [32], it seems more important to stabilize the joints, including the shoulder girdle. The LD stabilizes the humeral head during shoulder joint extension movements [33], and the MD and PD maintain the afferent position by pressing the humeral head against the glenoid fossa [34]. The IS, one of the rotator cuff muscles, also contributes to the stabilization of the glenohumeral joint [35]. The UT is involved in stabilizing the scapula along with the lower trapezius [36]. From the above, we considered that the LD, MD, PD, IS, and UT are the muscles that stabilize the scapula and glenohumeral joint and that Synergy 4 contributed to the stabilization of the shoulder girdle during the RP.



The findings of this study indicate the presence of four muscle synergies in wheelchair propulsion motion: Synergy 1 reflects propulsion achieved through shoulder flexion and elbow flexion; Synergy 2 involves propulsion through shoulder flexion and elbow extension; Synergy 3 describes the action of shoulder extension returning the upper limb, which has moved forward during the push, back to its original position; and Synergy 4 pertains to the stabilization of the shoulder girdle during the RP. Muscle synergy analysis allows us to perceive muscles that act simultaneously as a single group rather than being interpreted individually, which may be meaningful because it makes the interpretation of the propulsion motion easier. In the present case, the ten muscles work in coordination with each other to form four groups, and the balance of each muscle activity within a group may be related to injuries and performance. These data can be applied in future studies as foundational information for devising training programs aimed at improving performance and preventing shoulder joint injuries in WB athletes. A previous study reported that in wheelchair propulsion motion, a decrease in PM muscle strength increased AD activity, and a decrease in LD muscle strength increased MD activity [37]. Therefore, WB athletes with impaired trunk movement, such as low pointers, would be expected to alter their muscle synergy patterns by the compensatory activity of the upper limb muscles to offset impaired trunk muscle function. Owing to the higher incidence of shoulder joint injuries in WB athletes who cannot control trunk movements compared with other athletes [38], it is possible that these compensatory changes in muscle synergies are involved in the mechanism of shoulder joint injuries. Further studies are necessary to elucidate the relationship between various muscle synergy patterns and shoulder joint injuries. This study represents the first investigation into the muscle synergy analysis of periarticular shoulder muscles during WB wheelchair propulsion motion, thus serving as the first step toward understanding this relationship.



A limitation of this study was the small sample size and the fact that the participants had no previous experience driving a wheelchair for WB. Because of the lack of familiarity with the propulsion motion, demonstrating the validity and reliability of the muscle synergies extracted in this study remains a topic for future studies. Furthermore, there are limited data on kinematic variables, such as joint angles and moments during wheelchair propulsion motion; therefore, this study was limited to a discussion of muscle activity. If we could clarify the relationship between the muscle synergy patterns and kinematic variables, we could obtain more useful information that would assist in understanding wheelchair propulsion motion.



In the future, we would like to broaden the demographics of the participants to include healthy individuals with wheelchair propulsion experience and WB athletes. This study not only examined the validity and reliability of these results but also investigated the differences in muscle synergy between healthy and WB athletes to contribute to performance improvement and injury prevention in WB athletes.




5. Conclusions


We investigated the activity of the periprosthetic shoulder muscles during WB wheelchair propulsion using muscle synergy analysis in healthy adults who had never driven a wheelchair for WB. As a result, four muscle synergies were extracted during motion. Synergies 1 and 2 contributed to the acquisition of forward propulsion during the PP. During the RP, Synergy 3 facilitated the backward movement of the upper limbs, and Synergy 4 contributed to stabilizing the shoulder girdle. This was a preliminary study, and the validity and reliability of the results require further investigation.
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Figure 1. Electrode placements. (a) shows the anterior and (b) shows the posterior of the trunk. LD: latissimus dorsi, AD: anterior deltoid, MD: middle deltoid, PD: posterior deltoid, BB: biceps brachii, TB: triceps brachii, IS: infraspinatus, PM: pectoralis major, UT: upper trapezius, SA: serratus anterior. 
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Figure 2. Identification of the propulsion phase by the acceleration data. Black circles (●) indicate the start of the push phase and white circles (○) indicate the start of the recovery phase. This means that the period from the black circle to the white circle (the gray-colored area) represents the push phase. 
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Figure 3. The average muscle activity for each muscle during a wheelchair propulsion cycle. These graphs show the activity of each muscle in one propulsion cycle. The vertical dashed line in the graph indicates the timing of the transition from the push phase to the recovery phase (44%), and the asterisk (*) indicates the point at peak activity. LD, latissimus dorsi; AD, anterior deltoid; MD, middle deltoid; PD, posterior deltoid; BB, biceps brachii; TB, triceps brachii; IS, infraspinatus; PM, pectoralis major; UT, upper trapezius; SA, serratus anterior. 
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Figure 4. The muscle synergy of wheelchair propulsion. The graph on the right visualizes the contribution of each muscle to the corresponding synergy, where 0.3 or more was considered a muscle with a high contribution. The graph on the left shows the activation timing of each synergy, and the vertical dashed line in the graph indicates the timing of the transition from the push phase to the recovery phase (44%). LD, latissimus dorsi; AD, anterior deltoid; MD, middle deltoid; PD, posterior deltoid; BB, biceps brachii; TB, triceps brachii; IS, infraspinatus; PM, pectoralis major; UT, upper trapezius; SA, serratus anterior. 
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