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Abstract

:

The human motor system is a complex neuro-musculo sensory system that needs further investigations of neuro-muscular commands and sensory-motor coupling to decode movement execution. Some researchers suggest that the central nervous system (CNS) activates a small set of modules termed muscle synergies to simplify motor control. Further, these modules form functional building blocks of movement as they can explain the neurophysiological characteristics of movements. We can identify and extract these muscle synergies from electromyographic signals (EMG) recorded in the laboratory by using linear decomposition algorithms, such as principal component analysis (PCA) and non-Negative Matrix Factorization Algorithm (NNMF). For the past three decades, the hypothesis of muscle synergies has received considerable attention as we attempt to understand and apply the concept of muscle synergies in clinical settings and rehabilitation. In this article, we first explore the concept of muscle synergies. We then present different strategies of adaptation in these synergies that the CNS employs to accomplish a movement goal.
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1. Introduction


There is an open question that researchers in the field of motor control are trying to answer. This question pertains to how the central nervous system (CNS), from a vast set of solutions to the movement execution problem, identifies an optimal solution to perform a task effectively. Previous investigations using animal models presented evidence that the CNS uses muscle synergies (low dimensional modules) and combines them linearly to perform a motor task [1,2]. The central nervous system (CNS) chooses muscle activations to perform daily tasks and to prevent the stresses and strain that occur in the joints [3,4]. These muscle synergies encode information about muscle coactivation patterns within CNS for movement. Therefore, these muscle synergies are crucial in regulating the kinetics, kinematics, and dynamics of the limb. These muscle synergies are recruited by a control input from the spinal and/or supraspinal regions to form different movements [5].



In muscle synergy analyses, synergies are extracted along with their activation coefficients. The activation coefficient is considered to reflect changes in neural activities [6]. Although the definition of the muscle synergies and activation coefficient is consistent among researchers, they may use different terms to describe them, including motor primitives, motor modules, and muscle modes for muscle synergies, and recruitment profiles, and neural drive for activation coefficients. Mathematical models for synergy extraction have been fairly consistent [7]. A large number of studies aimed to examine muscle synergies and their activation coefficients using linear decomposition algorithms. Principle components analysis (PCA), Independent Component Analysis (ICA), Factor Analysis (FA), and Non-Negative Matrix Factorization (NNMF) are generally applied on EMG signals acquired from different movements and/or from different clinical populations to study motor behavior [8,9].



The scientists who support the synergy hypothesis suggest that synergies and their activation coefficients play a crucial role in demonstrating the changes detected in the EMG signals arising from different movements and/or neurological conditions [10]. The researchers, however, have different opinions on the origin of muscle synergies and whether synergies explain neural changes or non-neural attributes. This led to the debate about the basis of muscle synergies. Kutch and Valero-Cuevas (2012) suggested a non-neural basis using a cadaver experiments and computational models for their study [9]. However, Bizzi and Cheung (2013) in their published opinion addressed several questions in the field of motor control and supported the neural origin [8]. They also indicated possible experimental design constraints for Kutch and Valero-Cuevas (2012), such as low task variability. In addition, it was seen previously that deafferentation in frogs caused changes in the activation coefficients suggesting a correlation between neural changes and activation coefficients. Experiments during early motor and proficiency-based development also indicated a neural basis [11,12]. This evidence advocates significantly stronger views towards the neural prospects of synergies.



Muscle synergies and their recruitment profiles/activation coefficient explain the neurophysiological characteristics of movement and/or neurological conditions observed in the previous studies [6,13]. The activation coefficients (temporal profiles) and muscle synergies (spatial structures) have been thoroughly investigated, but there are unanswered questions and challenges to understand how spatial and temporal structures are changed, adapted, or affected under different conditions. Although there are some well-cited review works of literature on muscle synergies, these review articles do not explain or categorize the specific hypotheses tested to see adaptions in modular control. These articles do not summarize primary theories (hypotheses tested) underlying changes or adaptation in muscle synergies and their activation coefficients [13]. Therefore, the scope of our paper is to discuss muscle synergies adaptation based on primarily tested hypothesis.



There are three main ways in which muscle synergies and their activation coefficients adapt or change. A combination of 1 and 3, or 1 and 2 regarding adaptation can also be observed and tested for hypothesis.




	(1)

	
Changes in the spatial structures and temporal profiles for different conditions.




	(2)

	
No change in spatial structures but changes in the temporal profiles for different conditions.




	(3)

	
Changes in the number of spatial and their temporal profiles for different conditions.










2. Altered Synergies and Altered Recruitment Profiles


The structures of muscle synergies may change under different conditions. Figure 1 shows a basic schematic of muscle synergies organization in the CNS. Figure 2 shows one such case in which a reference synergy is compared against two synergies revealing similarity and alteration. One of these conditions is motor impairments such as stroke and spinal cord injuries, which unsettle the existing composition of muscle synergies and produce abnormal movements. Generally, the composition of muscle synergies alters due to radical variability in their activation coefficients. However, some studies found that the activation coefficients showed no changes after stroke regardless of the changes in synergies and recovery level [14]. It may be argued that the approaches in these studies were constrained towards identifying changes in the temporal shift rather than amplitude because only cross-correlations were studied. At the same time, other measures/methods can be employed to study modulation in the activation coefficients, especially within amplitude [12]. Recently, chaos theory concepts (Complexity, Lyapunov stability, among others) have been included in such analyses to study modulation in activation coefficients [15]. We believe these analytical methods will help us clearly understand the modulation in activation coefficients. Several studies have confirmed their hypotheses regarding alteration in the synergy structures due to alteration in activation coefficients. This alteration could be associated with the modulation in afferent and efferent drives due to challenging task requirements or underlying neurological conditions.



Researchers have extensively investigated the structure of muscle synergies for lower limbs of stroke patients. They found that at a comfortable speed the composition of muscles within synergies alters due to stroke. Researchers have also observed the alteration in the structure of muscle synergies for upper limbs in chronic stroke patients [16]. They found stroke patients’ synergies comprised of isolated activation of the elbow flexors and extensors, which is common among the healthy population (control group) [16]. However, muscle synergies involving proximal muscles (shoulder muscles) exhibited consistent alterations following a stroke in comparison to controls. Unlike controls, the anterior deltoid was coactivated with medial and posterior deltoids within the shoulder abductor/extensor synergy [16]. Shoulder adductor/flexor synergy after stroke was dominated by activation of pectoralis major, with limited anterior deltoid activation. The recruitment of the altered shoulder muscle synergies post stroke was strongly associated with abnormal task performance. Overall, these results suggest that an impaired control of the individual deltoid heads may contribute to the impaired motor function of an arm [16].



Besides stroke patients, changes in muscle synergy structures accompanying poor muscle coordination have also been observed among individuals with cerebral palsy, and spinal injuries during different tasks [17]. Therefore, from these studies, it can be inferred that changes in the composition of muscles within a synergy vector are the result of changes in spinal or supraspinal circuitry due to different neurological conditions and tasks [17,18,19].



The alteration in the structure of muscle synergies is not always bad, and it does not mean poor motor coordination [12]. Within nonclinical populations, it has been revealed that challenging conditions eliciting altered synergy structure is an adaptative strategy for stability [12]. We observed alterations in muscle synergies during normal walking and slacklining experiments. Our work reported task-specific modulation of synergies for postural stability, as some of the muscles showed alteration in their structure while slackline walking in comparison with overground walking. The lower leg muscles were less activated during slacklining than walking. Knee flexors and extensors also showed higher co-activation during slacklining due to cocontraction for stability. Moreover, we suggested that the variability in sensory feedback due to challenging situations is more likely to result in the alteration of synergy structure. This does not negate the fact that even task specific modulation in the synergy structures is governed by the afferent and efferent drives. Muscle synergy analyses during the performance of a certain task can provide a good muscle coordination strategy for that task. Moreover, additional measures for efficient performance such as gait symmetry, step length, margin of stability and boundary of stability can be used to correlate with the altered synergies and validate their role with efficient performance. Hence, altered synergies can be introduced as an adaptive strategy for appropriate muscle coordination for efficient task performance.




3. Preserved Synergies and Altered Recruitment Profiles


Muscle synergies can potentially be shared across activities as observed previously in animals such as frogs [1,2]. The researchers found that a few synergies were shared between walking, jumping, and swimming. The synergies that appeared to be similar were due to modulation in neural drives that preserve the structures of these synergies. The activation coefficients showed higher variability, as shown in Figure 3. There are several studies done on humans during different biomechanical conditions [20]. The existence of similar synergies relates to having the same mechanical goals for limb movement in different motor tasks. This may result in having the same structure or muscle combinations within a synergy, i.e., shared muscle synergies. Thus, if two different motor tasks share a common mechanical goal such as flexion and extension of limbs in certain tasks, it is likely for a common muscle synergy to appear in both of the synergy sets. Other researchers similarly found that shared synergies across individuals exist between unperturbed, perturbed standing and walking [21]. This may also suggest a common ancestral neural network (primitive behavior) for most of the tasks we perform in activities of daily living. Martino et al. (2015) investigated the synergies of normal walking as well as unstable gait conditions, such as walking on a slippery surface, and reported similarities of those motor behaviors [22]. The researchers assessed the consistency of muscle synergies by calculating the similarity of muscle weights and activation signals across different muscle groups [23,24].



The current question researchers are still investigation is how synergies are preserved or attain a fixed state during upper and lower limb movements. We can think of two ways these synergies show preservation: (1) they exhibit preservation through common ancestral neural networks, and (2) later through motor learning. These studies have shown that during early motor development, two components may correspond to primitive behavior [11]. However, in upper and lower limbs there are more than two synergies or components that explain maximum variance in the locomotion pattern [25]. The additional synergies, that were found to be similar later in life, suggest that years of learning and training played a crucial role in shaping the structure of those synergies, thereby becoming preserved across participants. Some studies have shown that from early development (neonatal) to adulthood stage, muscle synergies during walking become more robust or preserved [26]. Therefore, preservation of these structures is necessary for efficient motor behavior from both evolutionary and motor learning perspectives. We think modulation in spinal and supraspinal level control is an underlying neuro-anatomical mechanism that preserve these synergies. The neural drives are modulated reflecting changes in the activation coefficients while preserving underlying muscle synergies and generating rhythmic patterns of muscle activity required for efficient execution of tasks such as walking, cyclic upper limb motion, etc. [27,28]. Therefore, it is proposed that effective rehabilitation measures can be developed to restore these robust synergies that are affected by neurological conditions or injuries resulting in arrhythmic motor behavior [29,30].




4. Changes in the Number of Muscle Synergies (Modular Organization)


In muscle synergy studies, changes are not only observed in structures (composition of muscles within a synergy) and their recruitment profile. The changes in the dimensionality or the number of synergies has also been observed as shown in Figure 4 and Figure 5. Researchers showed that the numbers of muscle synergies changed across participants during different neurological conditions such as cerebral palsy [19] and stroke [17]. The difference in the number of muscle synergies, especially the merging of synergies among neurological conditions, was attributed to poor muscle coordination [11]. The changes were also observed during various activities, such as slacklining [12], balance beam walking [22], and badminton [31]. The different number of synergies across participants during different activities such as beam walking and slacklining may relate to different proficiency levels [12]. Sawyers et al., and Singh et al., using beam walking and slacklining showed that long-term training modifies the dimensionality of muscle synergies.



Regarding neurological conditions, researchers have observed alteration in both the structure and the number of muscle synergies for stroke, and cerebral palsy patients when compared to healthy subjects [22]. It was observed that the number of muscle synergies in nonparetic legs of stroke patients is larger compared to the paretic leg. The study also compared non stroke patients and found out that variability accounted for by any given number of modules was higher in the control and nonparetic legs compared with the paretic legs of stroke patients, indicating less complexity in the patterned activity of the paretic leg during walking and poor performance [17]. Moreover, (Clark et al., 2010) demonstrated that muscle synergies in stroke patients’ locomotion were changed and the number of synergies in stroke survivors was correlated with various metrics of walking performance, such as preferred speed, speed modulation, step length asymmetry, and propulsive asymmetry [17].



Moreover, patients with cerebral palsy also exhibited reduced number of synergies, altered structures, and asymmetry between legs. Therefore, a current challenge for physiotherapists is to train these groups of patient populations and modify the synergies for effective walking. Several studies were performed that involved patient training and synergy analysis. These studies found that therapy increased the number of modules and showed improved walking performance [15,29]. The researchers found that a higher number of modules after stroke therapy was positively associated with better performance in various clinical and biomechanical assessments of walking. The parameters to understand efficient walking included walking speed, ability to change walking speed, dynamic gait index, step length symmetry, and propulsion symmetry [17,32]. Thus, improvements in muscle coordination during rehabilitation therapy can be indicated by changes in the dimensionality of muscle synergies, possibly through an increase in their number, which may lead to a more normal gait pattern and improved walking performance.



The changing number of muscle synergies can provide the researchers more information about the clinical rehabilitation. Generally, electromyographic signals have issues such as noise, and intra and intersubject variability that can make interpretation difficult. This impacts their clinical utility. Therefore, researchers use computational analyses such as muscle synergies analysis from EMG signals, identifying patterns that may reflect various levels of neural function. We know that the CNS recruits these muscle synergies, which represent motor modules, to perform biomechanical tasks necessary for movement. For example, stroke patients exhibit differences in the number of muscle synergies, which may reflect disturbances in neural pathways and are related to deficits in motor function [29,33].




5. Alternate Theories


There are two alternate theories based on different computational and theoretical models.




	
The uncontrolled manifold hypothesis (UCM). As observed by Bernstein, the degrees of freedom involved in a postural or movement task exceeds the number of control variables necessary to describe the task [34]. The UCM hypothesis states that the CNS focuses on controlling the task relevant DOF and leaves others uncontrolled. The concept provides a basis for distinguishing between different degrees of freedom in terms of their control-theoretical stability [35]. In other words, UCM indicates that the control of essential performance variables among duplications of a task is achieved by taking advantage of the available motor abundance rather than opting for a distinctive solution to the organization problem. According to the UCM theory, collaborations among the outputs of the motor components are arranged such that their variance is essentially limited to a subspace (a UCM) in the state space of those components that corresponds to the desired value of a specific performance variable [36].



	
The equilibrium point hypothesis (EPH). The EPH explains how motor neuron thresholds have been controlled out of the value of lambda (λ), which correlates to an organization for a muscle, joint, or group of joints [37]. Researchers consider the combination of posture and movement control into a single mechanism as a very important characteristic of the equilibrium point hypothesis [37]. Some researchers defined the equilibrium point hypothesis (EPH) as method that the central nervous system utilizes to control the movement of extremities via a simple shift in equilibrium place, and the central nervous system doesn’t need to compensate for task dynamics [38].



	
The internal model theory is one of numerous theories that consider the strategy of the central nervous (CNS) to perform human movements in which the CNS processes neural interpretations of the environment around the human and utilizes these to anticipate and regulate any actions [39,40]. Some researchers state that humans can learn and adapt when the dynamics of extremities change [41].









6. Application of Muscle Synergies


The muscle synergies concept plays a crucial role in the clinical field and rehabilitation. The theory of muscle synergies can be used as a diagnostic technique, and for developing assistive technologies.



For a diagnostic technique, we have presented literature where differences in the number of muscle synergies for hemiparetic stroke patients, cerebral palsy, and spinal cord injury have been observed. The number and structure of muscle synergies have reflected disruptions in descending neural pathways and been associated with the deficits in motor function [42]. Hence, muscle synergy analysis may provide a better view for the clinician, physiotherapist about changes occurring at the CNS and muscular level. This kind of information may help in diagnosis of neurological disorders and assist clinicians and physiotherapist in developing rehabilitation interventions for such patients [29].



For developing assistive technologies, some researchers used the concept of muscle synergies to control myoelectrical assistive technology (AT) because, from a computational point of view, a modular organization based on muscle synergies reduces the computational burden for the controller. This burden is due to the higher dimensionality of neural inputs in the machine interface. This causes nonintuitive control of myoelectrical AT. The people who use e myoelectric controlled assistive technologies (AT) for upper extremities suffer from difficulties in controlling these technologies in daily life because of nonintuitive control. The dimensionality reduction of EMG signals simplifies motor control and learning for myoelectric prostheses, and may contribute to the adaptability observed in biological systems [43]. Roboticists and control engineers are implementing the concept of muscle synergies to develop artificially intelligent controllers for myoelectric devices. In addition to dimensionality reduction, the modularity of such a scheme has the advantage of improving the device performance by introducing additional synergies to the controller. Thus, researchers propose that intuitive control may be accomplished via a limited number of these fixed muscle synergies and can be updated to perform more complex task by adding more synergy or reshaping existing synergies.




7. Conclusions


The muscle synergies hypothesis suggests different strategies of the CNS to perform tasks with and without neurological conditions. This is particularly important in medical fields and especially in rehabilitation. Researchers have defined muscle synergy in different ways. In this study, we explained the concept of muscle synergy and different strategies for their adaptation. We discussed the alteration in muscle synergies for healthy people across different tasks, the alteration of the structure, and the number of synergies between individuals with stroke, cerebral palsy, and spinal injuries. We further discussed how their structure and number of muscle synergies altered compared to healthy people when they perform the same task. We also discussed the importance of the preserved muscle synergies for efficient motor control.
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Figure 1. A schematic of muscle synergy theory. Muscle synergies (S1, S2, S3), Activation Coefficient (C1, C2, C3), Muscles (M1, M2–M6). The figure shows feedforward and feedback mechanism of neural drives (efferent and afferent). The alteration in activation coefficients relates to modulation in supraspinal control directly from the cortex. The changes in supraspinal control can also be caused by the modulation in afferent drives carrying feedback information from muscle spindles and surface of skin via afferent drives. The alteration in activation coefficient due to modulation in neural drives can cause changes in the structure of muscle synergies. Note: C1, C2, C3 are not actual neural drives but alteration in them may likely represents modulation in them. 
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Figure 2. (A) Reference Synergy, (B) Similar Synergy, (C) Altered Synergy. The similarity in these synergies is generally quantified using cosine correlation or Pearson correlation. It is clear from this figure that (C) reveals differences in the muscle composition loading compared to (A,B). 
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Figure 3. (A) Reference Synergy Task 1; (B) Similar Synergy for Task 2. The x axis displays the number/type of muscles within a muscle synergy and their loading values represented by y axis are normalized between 0 and 1. The number of muscles can be actual muscle groups/type of muscles to understand muscle coactivation pattern and synergistic movement towards a specific movement. (C) Shows dissimilar activation coefficients over movement duration. 






Figure 3. (A) Reference Synergy Task 1; (B) Similar Synergy for Task 2. The x axis displays the number/type of muscles within a muscle synergy and their loading values represented by y axis are normalized between 0 and 1. The number of muscles can be actual muscle groups/type of muscles to understand muscle coactivation pattern and synergistic movement towards a specific movement. (C) Shows dissimilar activation coefficients over movement duration.



[image: Biomechanics 01 00021 g003]







[image: Biomechanics 01 00021 g004 550] 





Figure 4. Task 1 and Task 2 show differences in the number of synergies based on the VAF threshold of 0.9 or 90%. The minimum number of synergies that account for 90% reconstruction for task 2 is two, and for task 1 is nearly 3. These indicators are used later to extract synergies two and three, respectively. The extracted synergies are later compared for similarity or other analysis depending on the research hypothesis. 
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Figure 5. (A) Two synergies (task 2) shown against (B) three synergies (task 1) for a sample EMG data of seven muscles. 
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