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Isometric force generation and kinematic reaching in the upper extremity has been found to be represented by a limited number of muscle synergies, even across task-specific variations. However, the extent of the generalizability of muscle synergies between these two motor tasks within the arm workspace remains unknown. In this study, we recorded electromyographic (EMG) signals from 13 different arm, shoulder, and back muscles of ten healthy individuals while they performed isometric and kinematic center-out target matches to one of 12 equidistant directional targets in the horizontal plane and at each of four starting arm positions. Non-negative matrix factorization was applied to the EMG data to identify the muscle synergies. Five and six muscle synergies were found to represent the isometric force generation and point-to-point reaches. We also found that the number and composition of muscle synergies were conserved across the arm workspace per motor task. Similar tuning directions of muscle synergy activation profiles were observed at different starting arm locations. Between the isometric and kinematic motor tasks, we found that two to four out of five muscle synergies were common in the composition and activation profiles across the starting arm locations. The greater number of muscle synergies that were involved in achieving a target match in the reaching task compared to the isometric task may explain the complexity of neuromotor control in arm reaching movements. Overall, our results may provide further insight into the neuromotor compartmentalization of shared muscle synergies between two different arm motor tasks and can be utilized to assess motor disabilities in individuals with upper limb motor impairments.
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1. Introduction

Humans and animals can perform a variety of motor tasks in the upper extremity, from motionless force generation to active reaching, as a part of their essential activities of daily living. For instance, isometric force is generated for grasping objects as food against gravity or holding a newborn while nursing. Similarly, reaching behavior is critical to perform most daily activities, such as feeding, transportation, fleeing from predators, and interacting with other species. Both types of motor tasks involve the coordination of the highly complex musculoskeletal system and the central nervous system (CNS). Accordingly, various scientists have studied how the CNS would choose one option of an appropriate muscle activation pattern out of the theoretically infinite number of possibilities to perform a given motor behavior. One simplifying approach is to consider that the CNS reduces the number of degrees of freedom (DOF) to a few muscle synergies, here defined as consistent multiple-muscle coordination patterns that are activated to generate a variety of movements, to achieve a particular motor goal (Tresch and Jarc, 2009; Bizzi and Cheung, 2013; Ting et al., 2015). The term “muscle synergy” has also been used to define stereotypical patterns of muscle activations in the field of neuropathologies, such the stroke flexion synergy (Ellis et al., 2017). However, in this study, we do not define the term “muscle synergy” as such. In addition, a recent study examining the effect of epidural spinal cord stimulation in motor-complete spinal cord injury in muscle synergies found that the number of muscle synergies decreased and the patterns more defined after treatment, further supporting the idea of the neural basis of muscle synergies (Singh et al., 2023). Activation of a few muscle synergies can be an effective strategy by reducing many DOF to generate isometric forces and reaching movements.

Isometric tasks have been studied in motor control from a muscle synergy perspective, and these studies have demonstrated that different isometric motor behaviors can be accomplished by activating a small number of intermuscular patterns in the upper body (Rashedi et al., 2010; Borzelli et al., 2012, 2013; Berger and d’Avella, 2014; Budhota et al., 2017; Ortega-auriol et al., 2019; Roh et al., 2019). For instance, four to five synergies were required to predict upper extremity muscle activation across different spatial, load, and position protocols (Roh et al., 2012), and during visuomotor adaptation (Gentner et al., 2013). Also, a set of three or four trunk synergies could efficiently explain electromyographic (EMG) data during multidirectional target-matching conditions and two different maximum voluntary exertion tasks (Sedaghat-Nejad et al., 2015). Therefore, these studies have shown the robustness of muscle synergies across different isometric conditions in neurologically intact persons.

Previous studies addressing the arm reaching movement have uncovered that the activation of a multitude of muscles could be represented in a minimal number of muscle synergies (d’Avella et al., 2006, 2008; Cheung et al., 2009; Muceli et al., 2010; Coscia et al., 2014; Scano et al., 2019; Valk et al., 2019). More specifically, the activation of the arm, shoulder, and back muscles during multidirectional point-to-point reaching in healthy participants was majorly represented with three to five muscle synergies under different biomechanical conditions, such as changing loads and forearm postures (d’Avella et al., 2006), upper arm orientations (Scano et al., 2019), and end effectors (Valk et al., 2019). A number of muscle synergies were observed to be identical across participants and motor performance conditions (d’Avella et al., 2006; Scano et al., 2019), although distinct task-condition-specific synergy activations were also observed (Valk et al., 2019). The shared muscle synergies under different task conditions suggest that the CNS generalizes the modular organization of muscle activations given the same motor task.

With the knowledge that both isometric force generation and arm reaching can be produced by a small number of muscle synergies, the question then arises on the degree to which muscle synergies between these upper extremity motor tasks are shared. Only a limited number of research studies have investigated the extent of the generalizability of muscle synergies between different motor tasks, especially in the human upper extremity. For instance, a frog study showed that three behavior-independent and two behavior-specific synchronous muscle synergies could explain the invariances during jumping, swimming, and walking (d’Avella et al., 2003; Roh et al., 2011). One study in the lower extremity showed common muscle synergies for balance and walking in humans during perturbation responses (Chvatal and Ting, 2013). A walking versus cycling study (Barroso et al., 2014) showed that cycling synergies could be explained by merging walking synergies in humans. This finding suggests that cycling and walking share common neuromuscular mechanisms. Overall, these studies provided evidence for a common set of muscle synergies used for different motor behaviors, more specifically in animals and the human lower extremity, which could indicate that the CNS elicited the same activation of complementary muscle groups across a variety of movements. However, it is still unclear if a set of muscle synergies could be similarly compartmentalized in the upper extremity across different motor tasks, including isometric and kinematic reaching.

Thus, the aim of this study was to investigate the degree to which muscle synergies were generalized between isometric force generation and kinematic reaching across the human arm workspace within the horizontal plane. We hypothesized that muscle synergies would be robust and generalizable between the isometric force generation and point-to-point reaching tasks across different starting arm locations in the human arm workspace. Ten young, healthy participants performed the same horizontal center-out target matches under two biomechanical conditions, one while the arm remained stationary and the other with kinematic movement, while surface EMG signals, end-point force at the hand, and reaching trajectory were recorded. The composition and activation profiles of muscle synergies, identified by non-negative matrix factorization (NNMF), were used in analyzing the two motor tasks across target directions and starting arm locations.



2. Materials and methods


2.1. Participants

Ten young, able-bodied participants [age: 21.64 ± 1.91 years (mean ± standard deviation (SD)], 19–26 years (range); five females) were recruited for this study. Participants were included in the study if they were: (1) between the ages of 18 and 40, (2) predominantly right-handed, and (3) able to understand and provide informed consent. The exclusion criteria included: (1) if the participant had neurological impairments that could affect cognition and communication and (2) orthopedic impairments that could affect upper limb motor tasks. This study was performed following the experimental protocol approved by the Institutional Review Board of the University of Houston. All participants provided informed consent prior to the beginning of the study.



2.2. Equipment

The isometric force measurement (IFM) device was a 3D force/torque measurement system that allowed participants to perform upper arm isometric force target matches (Figure 1A). To measure the changes in end-point force during the motor task, a force transducer (Model: 45E15A4, JR3, Woodland, CA) was attached with an extended grasping handle and recorded the 3D applied end-point forces throughout the experiment. A visual target was displayed on a computer screen in front of the set-up. Electromyographic (EMG) and 3D force data were simultaneously recorded using a custom-designed program using the LabVIEW software (National Instruments, TX, USA). The kinetic data was collected at 20 Hz.
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FIGURE 1
Experimental set-up and protocol for isometric and kinematic reaching tasks performed at one of four starting arm locations. (A) The isometric force measurement set-up consisted of a handle for grasping and a force transducer attached to the mechanical frame that enabled the experimental protocol to cover the workspace of the arm in 3D space. During isometric reaching, participants performed visually guided force generation to match force targets while the arm remained stationary. (B) The KINARM Exoskeleton used for the point-to-point reaching task. When the participant performed a visually guided point-to-point reach to a virtual target, the device measured the arm trajectory and hand path within the horizontal plane. (C) The four different starting arm locations in the human arm workspace for both isometric kinematic reaching tasks. The starting arm coordinates are presented in Section “2.3. Experimental protocol”. The 12 gray, dotted lines indicate the directions of the 12 isometric or kinematic reaching targets. (D) The 12 targets (green circles) for center-out isometric and kinematic target matching were equally distributed around a circumference whose center was indicated as a red circle, 30° away from the adjacent target. In the kinematic reaching task, the reaching distance was 10 cm.


The Kinesiological Instrument for Normal and Altered Reaching Movement (KINARM) robotic exoskeleton (BKIN Technologies, Ontario, Canada) was a bimanual robotic system that allowed gravity-supported upper arm movement in the horizontal plane while measuring kinematic data from changes in the shoulder and elbow joints during the performed motor task (Figure 1B). EMG data were also recorded simultaneously. The robot arm was modified with the attachment of the grasping handle to allow a participant to perform point-to-point reaching tasks in the arm configuration used for isometric force target matches. An augmented reality screen was used to visualize a target for a reach. The kinematic data acquisition rate was 1 KHz.

The surface EMG signals (Delsys Trigno Sensors, Delsys, MA, USA) were recorded from 13 different arm/back muscles: brachioradialis (BRD), biceps (BI), brachialis (BRCH), triceps (long and lateral) (TriLong and TriLat), deltoids (anterior, middle, and posterior; AD, MD, and PD), pectoralis (clavicular fibers; PECT), trapezius (upper, middle, and lower) (UT, MT, and LT), and infraspinatus (IN). The electrodes were placed following the SENIAM protocol (Hermens et al., 1999), excluding BRD, BRCH, UT, MT, LT, and IN muscles. For placing EMG sensors on those muscles, the Anatomical Guide for the Electromyographer (Perotto et al., 2004) was also used as a reference. The EMG data acquisition rate was 1 kHz.



2.3. Experimental protocol

The study was comprised of two different motor tasks (isometric force generation and point-to-point reaching) (Table 1). The four different arm locations were determined by the global coordinates (x, y) (in cm), based on the maximum active range of motion available in the horizontal plane of the KINARM device. The origin of the global coordinates (0, 0) was the midpoint between the shoulders. The four different starting locations of the hand in the arm workspace were: (1) the Right at (39 ± 0, 47.25 ± 0.98) (mean ± SD, n = 10), (2) the Left at (0 ± 0, 40 ± 0), (3) the Proximal at (20 ± 0, 43.75 ± 0.63), and (4) the Distal at (20 ± 0, 52.7 ± 0.67) (Figure 1C). The locations of the starting arm positions were adjusted based on the maximum size of each participant’s arm workspace covered by the task within the mechanical constraints of the KINARM Exoskeleton for reaching. The order of the motor tasks, starting arm locations, and target-reaching direction were randomized.


TABLE 1    The summary of the distinction between the isometric force generation task versus the point-to-point reaching task.
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To ensure that the two motor tasks were comparable for further analysis, the posture and the arm position of the participant were kept consistent between the two motor tasks by utilizing the global coordinate system of the KINARM Exoskeleton. Before starting the experiment, the participants were first placed in the KINARM Exoskeleton to measure the arm and elbow angles as well as the distances between the participant’s acromion to the handle at each starting arm location. Before each motor task and each starting arm location, the posture and arm locations were replicated and validated using the recorded measurements.

In the isometric force generation motor task, participants were seated within the IFM system with an arm support tray, to support the weight of the arm, while their dominant hand held onto the grasping handle in front of them. The participant’s non-dominant arm was placed on their lap. The participant’s shoulder was abducted to 80°. The participant’s torso was also fixed using a seatbelt to ensure that the participant remained in the same posture for the entirety of the task. To calibrate the system for the experiment, the participant was instructed to relax completely while grasping the handle. The weight of the arm applied onto the device was then zeroed to correctly map and measure the 3D forces during the force generation task. Within the system, Fx was defined as the lateral (+Fx) and medial (-Fx) direction, Fy was defined as the forward (+Fy) and backward (-Fy) direction, and Fz was defined as the upward and downward direction. 40% of the maximum lateral force in the +Fx direction was measured to determine the force load applied for the target matching task. Since the maximum lateral force was typically the smallest among maximum voluntary contractions in 3D force space, the procedure ensured that a participant could produce the force magnitude in any target force direction. For each starting hand location, the participant performed a force-generated center-out, point-to-point target matching task to one of 12 targets in the horizontal plane, equally distributed on the circumference of a circle, with five repetitions in each direction (Figure 1D). Before the start of the experiment, the participants were instructed to be completely relaxed but mentally ready during the baseline period and to match a force target as fast and as accurately as possible once the target appeared on display. The participants were also instructed not to produce force in the Fz direction when performing the target matches in the horizontal plane. Although we collected three-dimensional data in the isometric force generation task, the participants were instructed and monitored to ensure that the isometric force was applied in the horizontal plane only to achieve a target match, comparable to the reaching task. In each trial, the first five seconds were provided as a baseline period to ensure that a stable baseline was measured for further EMG processing per trial, followed by a center-out task with a three-second intertrial interval. The criteria for a successful trial were if the participant was able to remain in the given target area with a logical radius of 20% for one second. Three attempts were given to allow the participant to match the target per trial.

In the point-to-point reaching task, the participant was seated in the chair of the KINARM device and placed their dominant arm into the plastic tray to support the weight of the arm, while their hand held onto the grasping handle at the end of the robotic arm. The participant’s non-dominant arm was placed on their lap. The participant’s shoulder was abducted to 80°. The participant’s torso was also fixed using a seatbelt to ensure that the participant remained in the same posture for the entirety of the task. Then, the participant was placed in front of an augmented reality screen, where the participant could see their arm as well as the visual targets to perform the motor task. The augmented reality screen is a mirror that displays the reflected computer display located above the device and allows the participant to visualize the reaching targets and the participant’s arm movements, in the form of a cursor on the screen, simultaneously (Figure 1B; Grohs et al., 2021; Lowrey et al., 2022). Before the start of the experiment, a calibration process was required to synchronize the robotic device to the computer system (KINARM Lab Operator Guide, BKIN Technologies). For each starting hand position, the participant performed a horizontal center-out, point-to-point reaching task to one of the 12 targets, equally distributed on the circumference of the circle with a radius of 10 cm, with five repetitions in each direction (Figure 1D). In each trial, the first second was the baseline period, and then a center-out reaching task should be performed within one second. The participants were instructed to be completely relaxed and still until the outer target appeared and to reach the target as fast and accurately as possible within 0.2 and 0.35 s. If the criteria were not met, visual feedback of “TOO FAST” or “TOO SLOW” was provided for the participant. The velocity constraint was applied to the task to ensure that the movement-dependent EMG signals were collected consistently for equal comparison across all task conditions and participants. Three attempts at maximum were allowed for the participant to match a target per trial.



2.4. Data analysis


2.4.1. EMG processing

All data analysis was done using MATLAB software. The order of the EMG processing was the following: (1) wavelet-based electrocardiogram (ECG) filtering, (2) subtraction of the mean EMG of each muscle to remove the DC offset, (3) full-wave rectification of EMG signals, (4) subtraction of the mean baseline EMG to remove baseline noise, and (5) the 4th order Butterworth low-pass filtering with a cutoff frequency at 10 Hz to extract the EMG envelope.

The end-point force onset and offset were determined by finding where the applied end-point force exceeded and fell below three times the standard deviation of the force baseline from the mean value, respectively (Hodges and Bui, 1996). The reaching trials were trimmed to the movement onset and offset, which was determined by finding where the movement speed of the hand exceeded 10% of the maximum velocity and decreased to 10% of the maximum velocity, respectively (Russo et al., 2014). The trials were then interpolated to 150 samples per trial, which ensured the equal contribution of each trial to identify muscle synergies in the next step. The EMG data were concatenated across trials per each condition to identify muscle synergies. The EMG of each muscle was normalized by the variance of the same muscle to avoid any bias toward muscles with high variance in muscle synergy extraction. The EMG datasets were separated by motor task and starting locations for further comparison in muscle synergy analysis.



2.4.2. Synergy identification and comparison

To perform muscle synergy identification, NNMF (Lee and Seung, 1999, 2001) was applied to EMG matrices from both motor tasks. The EMG matrices were linearly decomposed to a matrix of muscle synergy vectors, or W, and their respective activation profiles, or C, identified from 13 arm muscles as the following
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To estimate the minimum number of muscle synergies that could represent each dataset (per motor task and per starting arm location), we calculated the variance accounted for (VAF) for each condition as

[image: image]

where SSE was the sum of the squared residuals and SST was the sum of the squared EMG data (Roh et al., 2015, 2019).

The criteria to estimate the least number of muscle synergies needed to reconstruct the EMG data were that the number of synergies should have a mean global VAF (gVAF) > 90%, a difference of global VAF would be less than 5% with the addition of another muscle synergy, and each muscle would have a VAF > 60% (Seo et al., 2022). Based on these criteria, we determined the appropriate number of muscle synergies for each condition.

To compare the synergies of motor tasks and the starting arm locations, we analyzed the global VAF, the muscle synergy composition, and the muscle synergy activation tuning curves from all datasets. The comparison of the muscle synergy tuning curves across the starting arm locations in each motor task was assessed using the local coordinate system. With the local coordinate system, the directionality of the tuning curves was more comparable across the starting arm locations due to changing direction of the arm’s biomechanical action, such as the forward and backward motor directions, at different starting locations (Supplementary Figure 1). The Left starting location was rotated clockwise 28°, and the Right starting location was rotated counterclockwise 22.4°. By using the local coordinate system, we were able to align the biomechanical actions of the arm at different starting locations for the comparison of muscle synergy activation profiles.



2.4.3. Quantifying similarity between muscle synergies

The similarity of muscle synergies between isometric versus kinematic reaching each starting arm location was done by calculating the scalar product of the best matching pairs of muscle synergy compositions out of all possible muscle synergy pairing combinations (Cheung et al., 2005). First, the scalar product was calculated between each muscle synergy across all subjects in the isometric reaching task to each muscle synergy in the kinematic reaching task. The scalar product of all possible pairs of muscle synergies between the isometric and kinematic reaching tasks was accounted for with the removal of the previous pair. The muscle synergy composition was matched between the two tasks for comparison based on the highest sum of similarity of each muscle synergy pair. Then, we calculated the similarity score between the motor tasks by finding the scalar product (r) of the best-matched pairs of muscle synergies and its statistical significance, r > 0.738, or when r surpassed the statistical significance threshold. The threshold was determined by generating 1,000 random sets of muscle synergies whose muscle weights were randomly chosen from the weights of computed muscle synergies that underlay all motor tasks across all arm locations and participants. The scalar products of any potential pairs of the random synergies (1000C2 = 499,500) were ordered in an ascending way, and the statistical threshold was determined to be the 95th percentile of the calculated scalar products (p < 0.05; Roh et al., 2012, 2013). Based on this method, the 95th percentile of the calculated scalar product resulted in a value within the tenths of 0.738. Thus, the value of 0.738 was selected as the threshold value.

To compare the similarity of muscle synergy composition between the two motor tasks, we calculated the correlation coefficient (r) by computing the scalar product of a pair of muscle synergies in comparison. The correlation coefficient value was deemed statistically significant when r > 0.738.

To compare the similarity of muscle synergy composition between the different starting arm locations in comparison, we calculated the correlation coefficient (r) by computing the scalar product of a pair of muscle synergies in comparison. The threshold was then calculated using the same method above with the Bonferroni correction (α = 0.05/4) to account for the comparison of multiple different starting arm locations. The correlation coefficient value was deemed statistically significant when r > 0.837.

In addition to the similarity score analysis, we used a cross-validation method to further analyze the similarity of synergies as a group between the starting arm locations. In this method, we reconstructed the original EMG signals (EMG A) at each location using the other muscle synergies (synergy set B) of all the possible combinations of locations simultaneously, different to comparing the muscle synergies individually between two locations in comparison. To do so, for each pair of all the possible combinations of starting arm locations within the same motor task, we calculated the dot product of the muscle synergy vectors, or W, of the first location (W_1) and the synergy activation profiles, or C, of the second location (C_2) to make a reconstructed EMG of the second starting arm location per participant (EMG_2). Then, for each pair of all the possible combinations of starting arm locations, we calculated the dot product of the muscle synergy vectors, or W (e.g., W_Right), and the optimized synergy activation profiles, or C’ (e.g., C’_Left), of each possible combination of starting arm locations to make reconstructed EMGs (EMG_Left). Then, the gVAF of the reconstructed EMGs for each of the possible pairs of starting arm locations was compared to the gVAF of the original EMG using the two one-sided test for equivalence (TOST) (McGrath and Meyer, 2006; Lakens, 2013, 2017). If the difference between the gVAF value of the reconstructed EMG and the gVAF value of the original EMG falls within the range of 5%, the mean gVAFs between the two groups will be interpreted to be similar. Since our synergy identification criteria requires the difference in gVAF when an additional muscle synergy is added to be within 5%, we used the same criteria to compare the similarity of the gVAF between the two sets of EMGs in comparison in the same manner (TOST, range 5%).



2.4.4. Quantifying the number of synergies activated per target direction

To determine the number of muscle synergies activated per target direction, the magnitude of extracted synergy activation profiles had to exceed the muscle synergy activation threshold. The threshold (t) was determined by computing the value in which a statistical property (variance) changed abruptly using the change point detection method (MATLAB function “findchangepts”) (Killick et al., 2012; Truong et al., 2020). First, we combined the muscle synergy activation profiles across all muscle synergies, trials, and participants at each starting location of the same motor task. Then, we sorted the magnitude of synergy activation profiles from all trials in ascending order at each starting location of the same motor task. We applied the change point detection method to obtain this threshold per condition.



2.4.5. Additional statistical tests

The two-sided t-test was performed to evaluate the statistical differences of the number of muscle synergies computed between the two motor tasks per starting arm location.

The single factor ANOVA (α = 0.05) (MATLAB) was used to evaluate the group differences in the muscle synergy composition across different starting arm locations and motor tasks, respectively. Three sets of muscle synergies were computed as three templates (or models) for the isometric task, the reaching task, and both tasks combined, respectively. The models were calculated by obtaining the mean value of all participants and locations (distal, right, left, and proximal) per muscle synergy and transformed into a single vector. The dot product between each participant’s synergy and their respective model synergy was obtained, and the ANOVA across each task and both tasks were performed, respectively. In addition, the tuning directions, which are the angles of the linear summation of all components per each participant’s tuning curve, were obtained to evaluate the group’s differences in synergy activation profiles. A single factor ANOVA (α = 0.05) test for circular data was applied for each task. Finally, to determine which tuning directions were statistically different, the two-sample circular test with Bonferroni correction was performed.





3. Results


3.1. EMG profiles of the isometric force generation vs. point-to-point reaching

The EMG profiles of the two motor tasks (Figure 2) recorded from the identical representative participant to the same target direction at the same starting arm posture were distinct at each trial. From both motor tasks, the elbow extensor (TriLong and TriLat) muscles and the deltoids (mostly MD and PD) were activated, observed as higher magnitudes in the EMG signals, to achieve a target match in the forward-lateral direction. The isometric force generation trial (Figure 2B) had supplementary activation, seen in the EMG signals of the elbow flexion (BRCH, BI, and BRD) and back (UT, MT, LT, and IN) muscles, to support the participant in producing and holding the required directional force for the target match. Across time, the EMG profiles of individual muscles differed in magnitude in the two trials. Individual muscles were activated in the isometric task (Figure 2A) during the force onset and the one-second hold period to achieve the target. The activation of the muscles in the point-to-point kinematic reaching task (Figure 2B) was observed within a shorter duration, less than one second, between the time of movement onset and offset for a target match.
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FIGURE 2
Representative data recorded from a representative participant of a center-out target match trial in the isometric force generation and point-to-point reaching tasks at the Proximal starting location to the same forward-lateral direction. The EMG signal of each muscle was normalized to the maximum muscle contraction of all trials at each motor task to visualize the activation characteristics of each muscle throughout the trial. (A) The end-point forces and EMG data of an isometric force target match. The EMG data for each trial was trimmed from the calculated force onset (blue line) to the end of the trial. (B) The hand speed and EMG of a point-to-point kinematic reach. The EMG data were trimmed from the calculated movement onset to movement offset (blue lines) for further synergy analysis. Arm and back muscles: brachioradialis (BRD), biceps (BI), brachialis (BRCH), triceps (long and lateral) (TriLong and TriLat), deltoids (anterior, middle, and posterior; AD, MD, and PD), pectoralis (clavicular fibers; PECT), trapezius (upper, middle, and lower) (UT, MT, and LT), and infraspinatus (IN).




3.2. Number of muscle synergies in isometric force generation vs. reaching across starting locations

In the isometric force generation task, approximately five muscle synergies represented the task across the different starting locations. In Figure 3A, five muscle synergies could explain over 90% of the total variance of the EMG patterns collected from 13 muscles at each starting location (VAF at the Distal, Left, Proximal, and Right locations = 92.3 ± 1.69%, 92.05 ± 1.61%, 92.27 ± 1.41%, and 92.39 ± 1.44%, respectively; all mean ± SD). Figure 3B shows the average number of muscle synergies between isometric force generation (ISO) versus point-to-point reaching (REACH) across starting arm locations. Based on the synergy identification criteria, 4.7 ± 0.95 synergies, 4.8 ± 0.63, 4.9 ± 0.74 synergies, and 4.7 ± 0.67 synergies (n = 10; mean ± SD) were determined to represent isometric force generation at the Distal, Left, Proximal, and Right locations, respectively.
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FIGURE 3
The global variance accounted for (gVAF) and the average number of muscle synergies for each motor task across different starting arm locations. (A) The gVAF value of the isometric force generation (ISOMETRIC) and point-to-point kinematic reaching (KINEMATIC) at each starting hand location [distal (D), left (L), proximal (P), right (R)]. The gVAF threshold for the ideal number of synergies was 90%. (B) The number of muscle synergies (n = 10; mean ± SD) across conditions and across participants. Five and six muscle synergies were found to represent the isometric force generation and point-to-point reaching tasks, respectively. The number of muscle synergies was determined using the synergy identification criteria (see Section “2.4.2. Synergy identification and comparison”). There were significant differences in synergy numbers between the isometric and kinematic reaching tasks (two-sample t-test; *p < 0.05; **p < 0.01).


In the point-to-point reaching task, approximately six muscle synergies represented the task across the different starting locations in the arm workspace. In Figure 3A, at six muscle synergies, the global VAF for the reaching task at each starting location exceeded 90% variance of EMG signals (VAF at the Distal, Left, Proximal, and Right locations = 91.17 ± 2.0%, 91.98 ± 1.76%, 91.92 ± 1.72%, and 92.11 ± 1.8%, respectively; all mean ± SD). On average, 6.1 ± 0.88 synergies, 5.8 ± 0.92, 5.9 ± 0.74 synergies, and 5.7 ± 1.16 synergies (n = 10; mean ± SD) were determined to represent point-to-point reaching in the Distal, Left, Proximal, and Right locations, respectively (Figure 3B).

Figure 3B shows that the number of muscle synergies was statistically different between the isometric force generation and point-to-point reaching at each starting location (two-sample t-test, p at the Distal = 0.003; p at the Left = 0.011; p at the Proximal = 0.007; and p at the Right = 0.03). The numbers of muscle synergies in the isometric force generation and point-to-point reaching, five and six synergies, respectively, were then used to compute the muscle synergy composition and activation profiles for all participants.



3.3. Muscle synergies in isometric force generation across different starting locations


3.3.1. Muscle synergy patterns

Figure 4 shows that the composition of muscle synergies underlying isometric force target matches was similar across the starting arm locations in the upper extremity workspace. Each colored bar represented the mean muscle weight, and the error bar represented the standard deviation from the mean value across all participants (n = 10). The five muscle synergies patterns identified in Figure 4 were: elbow flexion (E Flex), elbow extension (E Ext), shoulder adduction and flexion (S Add/Flex), shoulder abduction and extension (S Abd/Ext), and shoulder stabilization (S Stab). The muscle synergies were named following the approximate mechanical action of the muscles activated within each synergy for the isometric force contraction. The E Flex synergy contained the activation of BRD and BRCH muscles, along with some activation of BI and TriLat across starting locations. The E Ext synergy consisted of the activation of the BI muscle grouped with TriLat and TriLong, suggesting that a co-activation of the biceps, a typical elbow flexor muscle, and triceps was involved in stabilizing the elbow during isometric force target matches. Some activation of MD, PD, and BRCH were also observed due to some involvement of shoulder abduction in achieving the motor task. The S Add/Flex synergy involved the co-activation of AD and PECT with some activation of BI and IN. The S Abd/Ext synergy consisted of the activation of the MD, PD, MT, LT, and IN muscles when performing isometric contraction that required the use of back muscles in externally rotating the shoulders. The S Stab synergy involved the lone activation of the UT muscle with some IN, which was involved in mainly stabilizing the shoulder during the motor task.
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FIGURE 4
The composition of six muscle synergies (E Flex, elbow flexion; E Ext, elbow extension; S Add/Flex, shoulder adduction and flexion; S Abd/Ext, shoulder abduction and extension; S Stab, shoulder stabilization; and Delt, deltoids) observed during the point-to-point reaching task compared to the five muscle synergies (excluding the Delt synergy) in the isometric force generation task across starting arm locations as mean ± SD (n = 10). The muscle synergy composition was consistent with minor variations in the muscle weights across the starting arm locations. The muscle synergy compositions were also majorly similar between the two motor tasks. See the full muscle names of the corresponding acronyms in “2. Materials and methods”, Section “2.2. Equipment”.


The muscle synergy composition within the isometric force generation task across the four starting arm locations was not significantly different (ANOVA; E Flex, F(3,36) = 1.86, p = 0.153, E Ext, F(3,36) = 0.68, p = 0.57, S Add/Flex, F(3,36) = 0.14, p = 0.937, S Abd/Ext, F(3,36) = 0.67, p = 0.574, S Stab, F(3,36) = 0.18, p = 0.908). In addition, the majority of the synergy similarity scores between any possible pairs of the different starting locations were statistically significant (Table 2; r > 0.837), meaning that the composition of most muscle synergies for isometric contraction was conserved in the workspace of the human upper extremity. The muscle synergy with lower similarities was the S Stab synergy, across all starting arm locations. From Figure 4, the S Stab synergy in the Proximal location had a lower IN muscle weight coupled with a higher UT, differing from the other starting locations, which contributed to the lower similarity score in comparison with other arm locations in the workspace. From the cross-validation between a pair of two starting arm locations in comparison in the isometric task, the gVAF values of the reconstructed EMGs were close to the synergy identification gVAF threshold value (90%) and within the range of [87.52, 90.32]. The two one-sided test showed that the differences between the reconstructed EMGs and the original EMG falls within the range of 5% in the isometric task, deeming the mean gVAFs between the two groups equivalent, except for the reconstructed EMG between the right and left starting arm locations and the distal in reconstructing the left starting arm location (Table 3).


TABLE 2    The similarity scores of the muscle synergies (mean ± SD; n = 10) for isometric force generation between all possible pairs of starting hand locations.
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TABLE 3    The gVAF of reconstructed EMGs (mean ± SD; n = 10) between a pair of starting arm locations in comparison in isometric force generation using the cross-validation method.
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3.3.2. Synergy activation profiles

Figure 5 shows that the averaged activation profile of each muscle synergy except S Stab was tuned to a distinct subset of the horizontal force space, covered by the 12 force targets. The mean activation profiles (n = 10 participants) of the muscle synergies during isometric force generation were plotted at each of the 12 target directions per starting arm location. As mentioned in Section “2.4.2. Synergy identification and comparison”, the starting arm locations were assessed in local coordinates to compare the directionality of the muscle synergy activation. The E Flex and E Ext activation profiles were opposing in their directionality; the E Flex was activated in the backward-medial direction of force generation, while the E Ext was activated in the forward-lateral direction. The S Add/Flex and S Abd/Ext synergies also had opposing activation profiles in the forward-medial and backward-lateral directions, respectively. On the contrary, the activation of S Stab synergy did not have a tuning directionality, notably in the Right location where the activation was centralized across all target directions.
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FIGURE 5
The synergy activation profiles as a function of target force directions in isometric reaching at each of the four starting arm locations. The muscle synergy activation tuning curves showed the averaged contribution (n = 10) of each muscle synergy in achieving the isometric force target matches in one of 12 different directions across the four starting arm locations. The starting arm locations were aligned to the biomechanically forward-backward and lateral-medial directions (see Section “2.4.2. Synergy identification and comparison”). The tuning directionality of the synergy activation profiles was consistent (except for S Stab in the Right location), with some differences in the activation magnitudes across the starting arm locations.


The tuning directions within the isometric force generation task across the four locations was significantly different (p < 0.05) only for S Stab synergy [ANOVA; E Flex, F(3,36) = 1.41, p = 0.255, E Ext, F(3,36) = 0.46, p = 0.712, S Add/Flex, F(3,36) = 1.53, p = 0.222, S Abd/Ext, F(3,36) = 0.723, p = 0.555, S Stab, F(3,36) = 3.521, p = 0.025]. In addition, the two-sample circular test with Bonferroni correction (α/n = 0.0125) showed statistically significant difference for: S Stab (Left vs. Right, p = 0.001).




3.4. Muscle synergies in kinematic reaching across different starting locations


3.4.1. Muscle synergy patterns

In the reaching task, the identified synergy composition was highly similar between starting locations (Figure 4). The six muscle synergy patterns identified in Figure 4 were: elbow flexion (E Flex), elbow extension (E Ext), shoulder adduction and flexion (S Add/Flex), deltoids (Delt), shoulder abduction and extension (S Abd/Ext), and shoulder stabilization (S Stab). Across locations, the E Flex synergy consisted of the activation of BRD, BRCH, and BI muscles, and the E Ext synergy consisted of the activation of TriLat and TriLong, along with some activation of BRD and BRCH. The S Add/Flex synergy contained the activation of AD and PECT with some BI activation in the Distal, Proximal, and Right locations. The Delt synergy consisted of the co-activation of the three deltoid muscles: AD, MD, and PD. This muscle synergy was only identified in the reaching task and not in the isometric force generation task. The S Abd/Ext synergy was composed of the activation of MD, PD, MT, LT, and IN. The S Stab synergy consisted of the activation of UT and IN.

The muscle synergy composition within kinematic reaching task across the four locations was not significantly different [ANOVA; E Flex, F(3,36) = 1.15, p = 0.343, E Ext, F(3,36) = 0.69, p = 0.57, Delt, F(3,36) = 1.28, p = 0.30, S Add/Flex, F(3,36) = 0.12, p = 0.94, S Abd/Ext, F(3,36) = 0.43, p = 0.729, S Stab, F(3,36) = 1.12, p = 0.355]. In addition, two to four out of six muscle synergies between all possible pairs of the arm starting locations were statistically significant (Table 4; r > 0.837), meaning that some of the muscle synergies were shared across the starting arm locations. The E Ext, Delt, and S Stab muscle synergy had the least similarity scores with statistical significance. An explanation of the variation of the Delt synergy across starting arm locations may be due to the difference in the muscle weights among the three heads of the deltoid. For example, in Figure 4, the Delt synergy activated at the Proximal location had a much greater AD muscle weight and less MD and PD weight compared to the other three locations. From the cross-validation between different starting arm locations in comparison in the isometric task, the gVAF values of the reconstructed EMGs were close to the synergy identification gVAF threshold value (90%) and within the range of [88.9, 90.88]. The two one-sided test showed that the differences between the reconstructed EMGs and the original EMG falls within the range of 5% in the reaching task, deeming the mean gVAFs between the two groups equivalent (Table 5).


TABLE 4    The similarity scores of the muscle synergies (mean ± SD; n = 10) for point-to-point reaching between all possible pairs of starting hand locations.
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TABLE 5    The gVAF of reconstructed EMGs (mean ± SD; n = 10) between a pair of starting arm locations in comparison in point-to-point reaching using the cross-validation method.
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3.4.2. Synergy activation profiles

The tuning direction of all but one muscle synergy activation profile was generally consistent across the four starting arm locations during point-to-point reaching. Figure 6 shows that the mean activation (n = 10 participants) of the point-to-point reaching muscle synergies across the 12 target directions was plotted at each starting arm location. The tuning directions of E Flex and E Ext activation were opposed, backward-medial and forward-slightly lateral directions, respectively. Also, the tuning directions of S Add/Flex and S Abd/Ext synergy activations were opposing, forward-medial and backward-lateral, respectively. The tuning direction of Delt synergy activation in reaching also opposed the S Add/Flex synergy activation, suggesting that the co-activation of the three deltoid heads was also involved in stabilizing the shoulder joint during shoulder abduction, extension, and external rotation in reaching. The tuning direction of S Stab synergy activation was forward-medial in the Left location and was forward-medial and backward-lateral in the Distal, Proximal, and Right locations. Several muscle synergies were activated per target direction in reaching, suggesting that multiple muscle synergies were required to be activated to complete a point-to-point reach in a certain direction.
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FIGURE 6
The muscle synergy activation tuning curves showed the averaged (n = 10) contribution of each muscle synergy in achieving point-to-point kinematic target matches in one of 12 different directions across the four starting arm locations. The starting arm locations were aligned to the biomechanically forward-backward and lateral-medial directions (see Section “2.4.2. Synergy identification and comparison”). The directionality of the muscle synergies was generally similar across the starting arm locations.


The tuning directions within kinematic reaching across the four locations was significantly different (p < 0.05) in only the S Abd/Flex synergy [ANOVA; E Flex, F(3,36) = 1.59, p = 0.208, E Ext, F(3,36) = 0.789, p = 0.508, S Add/Flex, F(3,36) = 1.097, p = 0.363, Delt, F(3,36) = 0.741, p = 0.741, S Abd/Ext, F(3,36) = 9.627, p < 0.001, S Stab, F(3,36) = 0.853, p = 0.474]. Two-sample circular test with Bonferroni correction (α/n = 0.0125) showed statistically significant differences for: S Abd/Flex (Distal vs. Proximal, p = 0.009, Distal vs. Right, p < 0.001, Left vs. Proximal, p = 0.011, Left vs. Right, p < 0.001).




3.5. Comparison of muscle synergies between isometric force generation and kinematic reaching


3.5.1. Similarity scores between motor tasks across conditions

Table 6 shows that the composition of more than half of the compared muscle synergies was consistent between the isometric force generation and kinematic reaching at each of the same starting locations of the arm. The E Flex, E Ext, S Add/Flex, SAbd/Ext, and S Stab synergies were determined to be the muscle synergies that were comparable between the two motor tasks. On average, the composition of two, four, two, and three out of the five synergies was statistically similar between isometric contraction and kinematic reaching at the Distal, Left, Proximal, and Right locations, respectively. The least statistically similar muscle synergies were the E Ext synergy and the S Stab synergy across the four locations. The major difference in the composition of the E Ext synergy observed between the two motor tasks was the coupling of biceps with triceps in the isometric force generation task, while triceps were activated alone in the point-to-point reaching. This observation suggested that the elbow stabilization behavior was mainly involved in the isometric force generation task but not in kinematic reaching. In the S Stab synergy, the weights of the co-activation of UT and IN were different between isometric contraction and point-to-point reaching.


TABLE 6    The similarity scores of the muscle synergies (mean ± SD; n = 10) between the isometric force generation and point-to-point reaching each starting hand location.
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The muscle synergy composition between isometric force generation and kinematic reaching across the four locations was not significantly different [ANOVA; E Flex; F(3,76) = 1.34, p = 0.268, E Ext; F(3,76) = 0.66, p = 0.58, S Add/Flex; F(3,76) = 1.69, p = 0.175, S Abd/Ext; F(3,76) = 0.22, p = 0.885, S Stab; F(3,76) = 0.6, p = 0.62]. The Delt synergy was not included in the test because it is a point-to-point reaching specific synergy.



3.5.2. Number of synergies recruited per target direction

The number of muscle synergies activated during kinematic reaching was typically one greater than that of isometric force generation in the horizontal plane, suggesting that reaching involved higher task complexity (Figure 7). The activation thresholds of isometric and kinematic tasks (t_ISO and t_KINEMATIC) determined, based on the calculation method described in Section “2.4.2. Synergy identification and comparison”, at each of the four starting locations were: at Distal, t_ISO = 1.28, t_KINEMATIC = 1.04; at Left, t_ISO = 1.31, t_KINEMATIC = 1.09; at Proximal, t_ISO = 1.29, t_KINEMATIC = 1.10; and at Right, t_ISO = 1.29, t_KINEMATIC = 1.14. The ranges of the number of muscle synergies activated across the different starting arm locations were: at Distal, n_ISO = 1–3 synergies, n_KINEMATIC = 1–4 synergies; at Left, n_ISO = 1–3 synergies, n_KINEMATIC = 1–3 synergies; at Proximal, n_ISO = 1–3 synergies, n_KINEMATIC = 1–5 synergies; and at Right, n_ISO = 1–3 synergies, n_KINEMATIC = 1–4 synergies. Across the locations, except for the Left location, the point-to-point reaching required a higher range of the number of muscle synergies compared to that of the isometric force generation.
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FIGURE 7
The number of muscle synergies significantly activated across the 12 target directions in the isometric force generation (red) and point-to-point reaching tasks (blue) based on the mean muscle synergy activation across participants. The purple circles indicate the case when the number of significantly activated synergies is the same for both isometric and kinematic reaching in a given direction. The magnitude of the mean synergy activation greater than the activation threshold (see Section “2.4.2. Synergy identification and comparison”) was counted as significant. The synergy activation magnitude was typically higher in the point-to-point reaching task than in isometric force generation across the 12 targets at each starting arm location.






4. Discussion

This study aimed to examine to what extent muscle synergies of isometric force generation and point-to-point reaching were shared in motor control of the human upper extremity. We found that across the four different arm positions, the number and composition of muscle synergies were comparable between isometric force target matches and kinematic reaching despite potential differences in afferent feedback. Typically, five and six muscle synergies underlaid isometric force generation and point-to-point reaching each arm location, respectively. Moreover, although the EMG profiles were distinct between the two motor task trials (Figure 2), when we compared the intermuscular coordination patterns identified from the isometric and kinematic reaching tasks, common muscle synergies were identified between both conditions. Also, the tuning direction in the majority of synergy activation profiles underlying each motor task were not statistically different between the four different arm locations. Two to four out of five muscle synergies of isometric contraction were found to be in common with reaching, depending on the arm location in the workspace, and one to three out of five muscle synergies of the isometric task were task-specific. To date, our study was the first attempt to compare the synchronous intermuscular coordination of the isometric force control and kinematic reaching across the arm workspace in the human upper extremity.

The generalizability of muscle synergies between the isometric and kinematic reaches and across different arm locations within the arm workspace supported the concept of muscle synergies as a neuromuscular control mechanism for motor coordination. The CNS and the musculoskeletal system orchestrate the activation of muscles in groups, instead of controlling them individually, by activating a small number of consistent muscle co-activation patterns to produce both isometric and reaching tasks. Similar to previous studies that examined the isometric (Roh et al., 2012) and the reaching tasks (d’Avella et al., 2006, 2008; Muceli et al., 2014) individually, our results (Figures 3A, B) showed that a limited number of muscle synergies were able to represent the EMG of 13 different arm and back muscles recorded during the isometric and reaching tasks, respectively. In addition, our findings in Table 2 found that most muscle synergies were conserved across the human arm workspace within the isometric force generation task. Our findings in Table 4 indicated that two to four out of six muscle synergies were conserved across the starting arm locations in the reaching task. When comparing the sets of muscle synergies per motor task using the cross-validation method, the reconstructed EMGs from the muscle synergies and activation profiles between all possible combinations of starting arm locations in comparison resulted in high gVAF values and was deemed similar to the mean gVAF value of the original EMG at each starting arm location (Tables 3, 5). Through our findings, the conservation of muscle synergies within the arm workspace of each motor task resembles the findings of previous studies in isometric (Roh et al., 2012) and reaching tasks (d’Avella et al., 2006). Our study further compared the muscle synergies between the isometric and reaching tasks through similar experimental conditions and target-matching tasks (Table 6) and found that more than half of the compared muscle synergies were shared between the motor tasks across starting arm locations even though the sensory afferent information would be very different between isometric and kinematic conditions. Our results were congruent with the findings of a lower extremity study, where three to five out of five to six muscle synergies were shared in both perturbed walking and balance or reactive balance and unperturbed walking (Chvatal and Ting, 2013). The shared muscle synergy patterns seen in the comparison between motor tasks support the hypothesis that the CNS coordinates movement through the limited number of muscle co-activation patterns, often redundant, in the upper or lower extremities.

The differences in the composition of the muscle synergies between the isometric and kinematic reaching tasks indicated the involvement of task-specific and posture-specific biomechanical constraints in the motor coordination of the two tasks. In previous comparisons of movement tasks (d’Avella and Bizzi, 2005; Chvatal and Ting, 2013), differences in motor actions such as human walking and balancing or frog jumping, swimming, and walking resulted in some distinctive muscle synergies observed in each respective task. In the same way, Figure 4 shows examples of task-specific muscle synergies. For example, the composition of the E Flex and E Ext synergies between the isometric and kinematic reaching tasks was different in the way that the BI muscle was activated with E Ext and E Flex synergies in the isometric and reaching tasks, respectively. The co-activation of the BI with the E Ext synergy can best be explained as an elbow stabilization mechanism when the arm is extended. The representative EMG signals of isometric and kinematic reaching tasks (Figure 2) also reflected this co-contraction in the isometric task, which was not present in the kinematic reaching, and was aligned with the results of the synergy analysis. Another example of the difference in the muscle synergy composition was the addition of the Delt synergy in the kinematic reaching task, which seems to act as a shoulder stabilizer during the shoulder abduction, extension, and external rotation movement. These muscle synergies included both co-contracting antagonist muscles around the shoulder and elbow joints, which might allow the enhanced accuracy of the target match in both motor tasks (Gribble et al., 2003). Previous studies of isometric force generation have also shown different muscle synergy structures; E Flex was the co-activation of the BRD and BI muscles, and E Ext was the co-activation of TriLat and TriLong muscles (Roh et al., 2012, 2013, 2015). A noticeable difference between these previous studies and our current study was the participant’s arm positioning. In our previous study (Roh et al., 2012), the participant’s hand was positioned in front of the shoulder at 60% of arm length, while in our current study, the participant’s shoulder was abducted to 80° to hold onto the grasping handle that was aligned with the front of their chest. So, we reason that the minor differences in the muscle synergy composition observed in both motor tasks may be due to task-specific and arm-posture-specific mechanisms.

The differences between the tuning directionality of the isometric versus reaching muscle synergy activation profiles and the activation of a higher number of synergies to perform the target match in kinematic reaching, compared to isometric force generation, suggested that the kinematic reaching task was more complex compared to isometric force generation. For example, Figures 5, 6 show the difference in the tuning direction of the E Ext synergy activation profile between the two tasks. The E Ext was activated in the forward-lateral and forward directions for the isometric and kinematic reaching tasks, respectively. The kinematic reaching task also had a higher number of muscle synergies activated across the 12 target directions (Figure 7), suggesting that multiple muscle synergies were involved in moving and stabilizing the shoulder and elbow joints during the point-to-point reaching in a certain direction. The activation profiles of the muscle synergies underlying kinematic reaching also resembled what has been observed in a similar previous study (Muceli et al., 2010) where the same target-reaching in the horizontal plane has been examined. Out of the four muscle synergies identified in the previous study, the elbow extension and elbow flexion synergies were activated approximately in the forward and backward directions, respectively. The study also reported that multiple synergies were activated simultaneously to make a point-to-point reach toward each target direction, as observed in our current study. The more complex muscle synergy coordination in the reaching task may explain why chronic stroke survivors face more difficulty in performing arm reaching as compared to isometric force generation. This finding also implied that the isometric force exercises could be more accessible to stroke survivors since the task may have a simpler motor mechanism and can be safe for post-stroke individuals who suffer from muscle weakness or muscle spasticity.

Overall, our findings support the neural basis of muscle synergies since only a small number of muscle synergies represented each motor task, and shared muscle synergies were found between the two motor tasks. Although it is difficult to nullify the argument for or against muscle synergies as a neural mechanism of motor coordination (Tresch and Jarc, 2009; Hong et al., 2021), muscle synergy analysis has been used to understand the characteristics of motor control and impairments as well as to design novel therapeutic methods. The argument against muscle synergies has been made by observing individual muscle activations and their contribution to a specific task, especially in cadaveric and biomechanical simulation studies. The previous study done by Valero-Cuevas and his colleagues observed the activation of each muscle during an isometric index finger movement task and its EMG variability throughout individual trials and participants (Valero-Cuevas et al., 2009). The study concluded that the muscles involved in performing the action did not resemble muscle synergies since more task-irrelevant variability was observed across participants. Kutch and his colleagues also explored muscle activity during the fingertip isometric force generation task and concluded that the muscles were independently controlled by the CNS, the opposite of the muscle synergy theory (Kutch et al., 2008). Kutch and Valero-Cuevas then used cadavers and computational models to explore possible muscle synergies through biomechanics without the involvement of the CNS to suggest that constraints from the musculoskeletal system may influence the muscle synergy outcome (Kutch and Valero-Cuevas, 2012). On the contrary, de Rugy and his colleagues argued that motor coordination was more habitual in nature by conducting a series of experiments that involved five different wrist muscles across conditions and postures (de Rugy et al., 2012). They found that robust muscle co-activation patterns were recruited to overcome the different conditions applied, suggesting that the CNS does not seem to optimize the control of individual muscles but instead coordinates groups of muscles to complete a task. However, to prove or disprove the concept of muscle synergies, further research into the neuronal motor pathways needs to be done to validate if muscle synergies were utilized as a mechanism for motor coordination of the musculoskeletal system.

There are some limitations in the methodology of our study. One limitation of this study was that the full human arm workspace was not fully represented in the horizontal plane across the four starting arm locations, due to the range-of-movement constraint in the devices this study used. To compare the starting arm locations across the human arm workspace, the entire reachable area within the horizontal plane of the KINARM Exoskeleton was measured. The workspace of the exoskeleton was limited in the far medial, far lateral, and far backward direction due to the limitations of the shoulder and elbow robot arm joint rotation and the fixed rectangular display that was smaller than the maximum human reaching range. Thus, the participants were not able to see targets located outside of the visual field, limited by the robot mechanics. Another limitation of this study was the constraint of the motor tasks to only the horizontal plane. The KINARM Exoskeleton was chosen as the equipment to study the point-to-point reaching motor tasks as it is a well-known device in the field of movement rehabilitation research since it allows the user to easily perform reaching movements and achieve task-specific goals. With a better representation of the arm workspace in different planes of movement, we can further assess the possible differences in the muscle synergies at different arm locations. The sample size of the participants in this study is another limitation, although the sample size is comparable to previous upper extremity muscle synergy studies (Roh et al., 2012; Muceli et al., 2010; Borzelli et al., 2013; Coscia et al., 2014) and the degree-of-freedom of the experimental conditions (i.e., 12 force target directions) was smaller than the number of participants. In addition, a potential limitation of this study was that the duration of the isometric force generation tasks and reaching tasks varied based on the performance of each participant. A recent isometric force generation study (Seo et al., 2022) has shown that the muscle synergy composition does not change across the early ramp, middle ramp, late ramp, and hold period in healthy participants. The early ramp and the holding period displayed the conservation of muscle synergies which suggests that the possible process of joint stabilization and muscle fatigue in the hold period does not influence the muscle synergy composition.

The generalizability of muscle synergies in the upper extremity may be an indicator that the CNS controls muscle activation in the arm with some shared neural mechanisms. The muscle synergies similar between isometric force generation and kinematic reaching provide a scientific rationale that isometric exercises could be a helpful alternative training method for patients with motor impairment to eventually gain kinematic reaching. As a next step, we plan to further investigate the generalizability of isometric and kinematic reaching in stroke and identify the degree to which possible abnormal muscle synergies are shared between the two motor tasks. We also plan to examine whether the activation of abnormal synergies of the isometric task may correlate with the impaired performance of kinematic reaching. Since stroke survivors have varying levels and types of cortical injuries, we also plan to assess and compare the muscle synergies of stroke survivors with mild, moderate, and severe motor impairments. Overall, these studies can contribute to uncovering the abnormal changes in the potentially shared neural pathways that could contribute to motor dysfunction under varying biomechanical conditions. The resultant scientific knowledge can be translated into creating potentially better and more effective rehabilitation strategies after stroke.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving human participants were reviewed and approved by Institutional Review Board of the University of Houston. The patients/participants provided their written informed consent to participate in this study.



Author contributions

KP collected the data, completed data analysis and interpretation, and manuscript writing. JR and MP-J designed the study, collected the data, assisted in data analysis and interpretation, and wrote the manuscript. All authors read and approved the final manuscript.



Funding

This study was supported by the American Heart Association Scientist Development Grant (17SDG33670561) and NSF CAREER Award (2145321).



Acknowledgments

We authors thank Christopher Taylor for assisting with initial data collection using the KINARM End-Point robot.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnhum.2023.1144860/full#supplementary-material



References

Barroso, F., Torricelli, D., Moreno, J., Taylor, J., Gomez-Soriano, J., Bravo-Esteban, E., et al. (2014). Shared muscle synergies in human walking and cycling. J. Neurophysiol. 112, 1984–1998. doi: 10.1152/jn.00220.2014

Berger, D. J., and d’Avella, A. (2014). Effective force control by muscle synergies. Front. Comput. Neurosci. 8:46. doi: 10.3389/fncom.2014.00046

Bizzi, E., and Cheung, V. C. K. (2013). The neural origin of muscle synergies. Front. Comput. Neurosci. 7:51. doi: 10.3389/fncom.2013.00051

Borzelli, D., Berger, D., Pai, D., and d’Avella, A. (2013). Effort minimization and synergistic muscle recruitment for three-dimensional force generation. Front. Comput. Neurosci. 7:186. doi: 10.3389/fncom.2013.00186

Borzelli, D., Gentner, R., Edmunds, T., Pai, D. K., and D’Avella, A. (2012). “Directional tuning of arm muscle activation in isometric force generation and its prediction by flexible and synergistic models,” in Proceedings of the IEEE RAS and EMBS International Conference on Biomedical Robotics and Biomechatronics, (Rome: IEEE), doi: 10.1109/BioRob.2012.6290941

Budhota, A., Tommasino, P., Hussain, A., and Campolo, D. (2017). “Identification of shoulder muscle synergies in healthy subjects during an isometric task,” in IEEE International Conference on Rehabilitation Robotics, (London: IEEE), doi: 10.1109/ICORR.2017.8009235

Cheung, V., Piron, L., Agostini, M., Silvoni, S., Turolla, A., and Bizzi, E. (2009). Stability of muscle synergies for voluntary actions after cortical stroke in humans. Proc. Natl. Acad. Sci. U. S. A. 106, 19563–19568. doi: 10.1073/pnas.0910114106

Cheung, V. C. K., D’Avella, A., Tresch, M. C., and Bizzi, E. (2005). Central and sensory contributions to the activation and organization of muscle synergies during natural motor behaviors. J. Neurosci. 25, 6419–6434. doi: 10.1523/JNEUROSCI.4904-04.2005

Chvatal, S. A., and Ting, L. H. (2013). Common muscle synergies for balance and walking. Front. Comput. Neurosci. 7:48. doi: 10.3389/fncom.2013.00048

Coscia, M., Cheung, V., Tropea, P., Koenig, A., Monaco, V., Bennis, C., et al. (2014). The effect of arm weight support on upper limb muscle synergies during reaching movements. J. Neuroeng. Rehabil. 11:22. doi: 10.1186/1743-0003-11-22

d’Avella, A., and Bizzi, E. (2005). Shared and specific muscle synergies in natural motor behaviors. Proc. Natl. Acad. Sci. U. S. A. 102, 3076–3081. doi: 10.1073/pnas.0500199102

d’Avella, A., Fernandez, L., Portone, A., and Lacquaniti, F. (2008). Modulation of phasic and tonic muscle synergies with reaching direction and speed. J. Neurophysiol. 100, 1433–1454. doi: 10.1152/jn.01377.2007

d’Avella, A., Portone, A., Fernandez, L., and Lacquaniti, F. (2006). Control of fast-reaching movements by muscle synergy combinations. J. Neurosci. 26, 7791–7810. doi: 10.1523/JNEUROSCI.0830-06.2006

d’Avella, A., Saltiel, P., and Bizzi, E. (2003). Combinations of muscle synergies in the construction of a natural motor behavior. Nat. Neurosci. 6, 300–308. doi: 10.1038/nn1010

de Rugy, A., Loeb, G. E., and Carroll, T. J. (2012). Muscle coordination is habitual rather than optimal. J. Neurosci. 32, 7384–7391. doi: 10.1523/JNEUROSCI.5792-11.2012

Ellis, M., Schut, I., and Dewald, J. (2017). Flexion synergy overshadows flexor spasticity during reaching in chronic moderate to severe hemiparetic stroke. Clin. Neurophysiol. 128, 1308–1314. doi: 10.1016/j.clinph.2017.04.028

Gentner, R., Edmunds, T., Pai, D. K., and d’Avella, A. (2013). Robustness of muscle synergies during visuomotor adaptation. Front. Comput. Neurosci. 7:120. doi: 10.3389/fncom.2013.00120

Gribble, P., Mullin, L., Cothros, N., and Mattar, A. (2003). Role of cocontraction in arm movement accuracy. J. Neurophysiol. 89, 2396–2405. doi: 10.1152/jn.01020.2002

Grohs, M., Hawe, R., Dukelow, S., and Dewey, D. (2021). Unimanual and bimanual motor performance in children with developmental coordination disorder (DCD) provide evidence for underlying motor control deficits. Sci. Rep. 11:5982. doi: 10.1038/s41598-021-85391-3

Hermens, H. J., Freriks, B., Merletti, R., Stegeman, D., Blok, J., Rau, G., et al. (1999). European recommendations for surface electromyography results of the Seniam project. Enschede: Roessingh Research and Development.

Hodges, P. W., and Bui, B. H. (1996). A comparison of computer-based methods for the determination of onset of muscle contraction using electromyography. Electroencephal. Clin. Neurophysiol. 101, 511–519. doi: 10.1016/S0921-884X(96)95190-5

Hong, Y. N. G., Ballekere, A. N., Fregly, B. J., and Roh, J. (2021). Are muscle synergies useful for stroke rehabilitation? Curr. Opin. Biomed. Eng. 19:100315. doi: 10.1016/j.cobme.2021.100315

Killick, R., Fearnhead, P., and Eckley, I. A. (2012). Optimal detection of changepoints with a linear computational cost. J. Am. Stat. Assoc. 107, 1590–1598. doi: 10.1080/01621459.2012.737745

Kutch, J., Kuo, A., Bloch, A., and Rymer, W. (2008). Endpoint force fluctuations reveal flexible rather than synergistic patterns of muscle cooperation. J. Neurophysiol. 100, 2455–2471. doi: 10.1152/jn.90274.2008

Kutch, J. J., and Valero-Cuevas, F. J. (2012). Challenges and new approaches to proving the existence of muscle synergies of neural origin. PLoS Comput. Biol. 8:e1002434. doi: 10.1371/journal.pcbi.1002434

Lakens, D. (2013). Calculating and reporting effect sizes to facilitate cumulative science: A practical primer for t-tests and ANOVAs. Front. Psychol. 4:863. doi: 10.3389/fpsyg.2013.00863

Lakens, D. (2017). Equivalence tests: A practical primer for t tests. correlations, and meta-analyses. Soc. Psychol. Pers. Sci. 8, 355–362. doi: 10.1177/1948550617697177

Lee, D. D., and Seung, H. S. (1999). Learning the parts of objects by non-negative matrix factorization. Nature 401, 788–791. doi: 10.1038/44565

Lee, D. D., and Seung, H. S. (2001). “Algorithms for non-negative matrix factorization,” in Advances in Neural Information Processing Systems 13 - Proceedings of the 2000 Conference, NIPS 2000, (Denver, CO: Neural information processing systems foundation).

Lowrey, C., Dukelow, S., Bagg, S., Ritsma, B., and Scott, S. (2022). Impairments in cognitive control using a reverse visually guided reaching task following stroke. Neurorehabil. Neural Repair 36, 449–460. doi: 10.1177/15459683221100510

McGrath, R. E., and Meyer, G. J. (2006). When effect sizes disagree: The case of r and d. Psychol. Methods 11, 386–401. doi: 10.1037/1082-989X.11.4.386

Muceli, S., Boye, A., d’Avella, A., and Farina, D. (2010). Identifying representative synergy matrices for describing muscular activation patterns during multidirectional reaching in the horizontal plane. J. Neurophysiol. 103, 1532–1542. doi: 10.1152/jn.00559.2009

Muceli, S., Falla, D., and Farina, D. (2014). Reorganization of muscle synergies during multidirectional reaching in the horizontal plane with experimental muscle pain. J. Neurophysiol. 111, 1615–1630. doi: 10.1152/jn.00147.2013

Ortega-auriol, P., Byblow, W. D., and Mcmorland, A. J. C. (2019). Muscle synergies are associated with intermuscular coherence in an isometric upper limb task. Biorxiv [Preprint]. doi: 10.1101/843797

Perotto, A., Delagi, E., Iazzetti, J., and Morrison, D. (2004). Anatomical Guide for the Electromyographer: The Limb and Trunk, 4th Edn. Springfield, IL: Charles C Thomas.

Rashedi, E., Khalaf, K., Nassajian, M., Nasseroleslami, B., and Parnianpour, M. (2010). How does the central nervous system address the kinetic redundancy in the lumbar spine? Three-dimensional isometric exertions with 18 Hill-model-based muscle fascicles at the L4-L5 level. Proc. Inst. Mech. Eng. H 224, 487–501. doi: 10.1243/09544119JEIM668

Roh, J., Cheung, V., and Bizzi, E. (2011). Modules in the brain stem and spinal cord underlying motor behaviors. J. Neurophysiol. 106, 1363–1378. doi: 10.1152/jn.00842.2010

Roh, J., Lee, S. W., and Wilger, K. D. (2019). Modular organization of exploratory force development under isometric conditions in the human arm. J. Motor Behav. 51, 83–99. doi: 10.1080/00222895.2017.1423020

Roh, J., Rymer, W., Perreault, E., Yoo, S., and Beer, R. (2013). Alterations in upper limb muscle synergy structure in chronic stroke survivors. J. Neurophysiol. 109, 768–781. doi: 10.1152/jn.00670.2012

Roh, J., Rymer, W. Z., and Beer, R. F. (2012). Robustness of muscle synergies underlying three-dimensional force generation at the hand in healthy humans. J. Neurophysiol. 107, 2123–2142. doi: 10.1152/jn.00173.2011

Roh, J., Rymer, W. Z., and Beer, R. F. (2015). Evidence for altered upper extremity muscle synergies in chronic stroke survivors with mild and moderate impairment. Front. Hum. Neurosci. 9:6. doi: 10.3389/fnhum.2015.00006

Russo, M., D’Andola, M., Portone, A., Lacquaniti, F., and d’Avella, A. (2014). Dimensionality of joint torques and muscle patterns for reaching. Front. Comput. Neurosci. 8:24. doi: 10.3389/fncom.2014.00024

Scano, A., Dardari, L., Molteni, F., Giberti, H., Tosatti, L., and d’Avella, A. A. (2019). Comprehensive spatial mapping of muscle synergies in highly variable upper-limb movements of healthy subjects. Front. Physiol. 10:1231. doi: 10.3389/fphys.2019.01231

Sedaghat-Nejad, E., Mousavi, S., Hadizadeh, M., Narimani, R., Khalaf, K., Campbell-Kyureghyan, N., et al. (2015). Is there a reliable and invariant set of muscle synergy during isometric biaxial trunk exertion in the sagittal and transverse planes by healthy subjects? J. Biomech. 48, 3234–3241. doi: 10.1016/j.jbiomech.2015.06.032

Seo, G., Lee, S., Beer, R., Alamri, A., Wu, Y., Raghavan, P., et al. (2022). Alterations in motor modules and their contribution to limitations in force control in the upper extremity after stroke. Front. Hum. Neurosci. 16:937391. doi: 10.3389/fnhum.2022.937391

Singh, R., Ahmadi, A., Parr, A., Samadani, U., Krassioukov, A., Netoff, T., et al. (2023). Epidural stimulation restores muscle synergies by modulating neural drives in participants with sensorimotor complete spinal cord injuries. J. Neuroeng. Rehabil. 20:59. doi: 10.1186/s12984-023-01164-1

Ting, L., Chiel, H., Trumbower, R., Allen, J., McKay, J., Hackney, M., et al. (2015). Neuromechanical principles underlying movement modularity and their implications for rehabilitation. Neuron 86, 38–54. doi: 10.1016/j.neuron.2015.02.042

Tresch, M. C., and Jarc, A. (2009). The case for and against muscle synergies. Curr. Opin. Neurobiol. 19, 601–607. doi: 10.1016/j.conb.2009.09.002

Truong, C., Oudre, L., and Vayatis, N. (2020). Selective review of offline change point detection methods. Signal Process. 167:107299. doi: 10.1016/j.sigpro.2019.107299

Valero-Cuevas, F. J., Venkadesan, M., and Todorov, E. (2009). Structured variability of muscle activations supports the minimal intervention principle of motor control. J. Neurophysiol. 102, 59–68. doi: 10.1152/jn.90324.2008

Valk, T. A., Mouton, L. J., Otten, E., and Bongers, R. M. (2019). Fixed muscle synergies and their potential to improve the intuitive control of myoelectric assistive technology for upper extremities. J. Neuroeng. Rehabil. 16:6. doi: 10.1186/s12984-018-0469-5


OPS/images/fnhum-17-1144860-t001.jpg
Isometric force

generation

Equipment: Isometric Force
Measurement Device

Motor task: Participant holds
handle and applies force in the
horizontal plane without moving
the arm to achieve target match
Collected data: Three-dimensional
force and EMG data collected

simultaneously

Point-to-point reaching

e Equipment: KINARM Exoskeleton

e Motor task: Participant holds
handle and moves the arm in the
horizontal plane to achieve target
match

e Collected data: Kinematic and
EMG data collected

simultaneously

Differences in sensorimotor feedback between motor tasks






OPS/images/fnhum-17-1144860-t002.jpg
Isometric force generation

Starting hand location E Flex E Ext S Add/Flex S Abd/Ext
comparisons/Muscle synergy

Distal vs. Left 0.93 £ 0.04* 0.88 & 0.09* 0.85+ 0.21* 0.79 +£0.22 0.82 4+ 0.20
Distal vs. Right 0.96 & 0.03* 0.85+ 0.16* 093 +0.11* 0.85 4+ 0.25* 0.80 & 0.20
Distal vs. Proximal % 0.96 & 0.03* 0.81+0.26 0.84 & 0.25* 0.88 4+ 0.22* 0.68 & 0.33
Left vs. Proximal é’ 0.95 & 0.04* 0.88 & 0.22* 0.85 £ 0.23* 0.87 +0.14* 0.66 & 0.33
Left vs. Right 0.91 £ 0.07* 0.89 £ 0.09* 0.89 & 0.07* 0.89 & 0.09* 0.74+0.17
Right vs. Proximal 0.95 £ 0.05* 0.88 & 0.14* 0.85 & 0.24* 0.94 &+ 0.05* 0.71 4 0.30
*p < 0.0125. E Flex, elbow flexion; E Ext, elbow extension; S Add/Flex, shoulder adduction and flexion; S Abd/Ext, shoulder abduction and extension; and S Stab, shoulder stabilization.





OPS/images/fnhum-17-1144860-t003.jpg
Starting location/Reconstructed Isometric force generation

EMGs

WD X CD WL X C/D Wp X C/D WR X C/D
Distal

92.30 £+ 1.69 88.75 £ 2.26* 90.42 £ 2.02°** 89.71 &+ 2.67*

f WL X CL WD X C/L Wp X C/L WR X C/L

Le

92.06 £ 1.61 88.47 & 2.89 (p = 0.156) 89.13 £ 1.77** 87.52+2.43 (p=0.312)

Wp X Cp WD X C/p WL X C/p WR X C/p
Proximal

92.27 £1.41 90.32 & 1.65** 89.49 £ 1.90** 89.83 £ 2.67**

WR X CR WD X C/R WL X C/R Wp X C/R
Right

92.39 £ 1.44 89.74 £ 3.34* 88.02 & 3.01 (p = 0.255) 90.03 & 3.03**

*p < 0.05 **p < 0.01; **p < 0.001. W, muscle synergies; C, synergy activation profiles; c, optimized synergy activation profiles; D, distal; L, left; P, proximal; and R, right.





OPS/images/fnhum-17-1144860-t004.jpg
Point-to-point reaching

Starting hand location E Flex E Ext S Add/Flex S Abd/Ext
comparisons/Muscle synergy

Distal vs. Left 0.824+0.24 0.67 £0.30 0.89 +0.17* 0.64 +0.33 0.85+ 0.16* 0.75£0.31
Distal vs. Right 0.77 £ 0.36 0.78 £0.24 0.96 & 0.04* 0.94 + 0.07* 0.82+0.31 0.81 £0.26
Distal vs. Proximal % 0.84 £ 0.28* 0.76 £0.31 0.85 + 0.26* 0.70 £0.33 0.77 £0.28 0.77 £0.28
Left vs. Proximal g 0.95 £ 0.09* 0.79 £0.25 0.85 4+ 0.22* 0.77 £0.25 0.84 £+ 0.22* 0.91 & 0.09*
Left vs. Right 0.86 & 0.24* 0.76 £0.26 0.85 4+ 0.12* 0.62 +0.32 0.78 £ 0.24 0.79 £0.28
Right vs. Proximal 0.88 & 0.24* 0.8540.18* 0.87 +0.15* 0.71 £0.33 0.73 £ 0.35 0.80 £ 0.28

*p < 0.0125. E Flex, elbow flexion; E Ext, elbow extension; S Add/Flex, shoulder adduction and flexion; Delt, deltoid synergy; S Abd/Ext, shoulder abduction and extension; and S Stab,
shoulder stabilization.





OPS/images/fnhum-17-1144860-t005.jpg
Starting

location/Reconstructed EMGs

Point-to-point reaching

_ Wp x Cp Wi x C'p Wp x C'p Wr x C'p
91.17 £ 2.01 88.90 £ 2.36™** 89.19 £ 2.2 89.86 £ 2.29°*
Left Wi x Cr Wp x C't Wp x C't Wgr x C'L
91.98 +1.76 89.57 £ 2.54** 90.23 £ 2.06*** 89.14 £ 2.05°*
— Wp x Cp Wp x C'p Wi x C'p Wgr x C'p
91.92+1.72 89.97 £ 2.220%* 90.25 £ 2.19*** 89.98 £ 2.26**
Right Wr x Cr Wp x C'r Wi x C'r Wp x Cr
92.11 +1.80 90.88 £ 2.06*** 89.22 £ 1.97%* 90.23 & 2.34**
*p < 0.01;**p < 0.001. W, muscle synergies; C, synergy activation profiles; c, optimized synergy activation profiles; D, distal; L, left; P, proximal; and R, right.






OPS/images/fnhum-17-1144860-t006.jpg
Starting hand location/Muscle WI—E Flex Wi—E Ext Wi—s Add/Fiex Wi_s Abd/Ext Wi_s stab
synergy pair X Wkppex = X Wkpea | X WiksaddFlex | X WK Abd/Ext X W stap
Distal 0.734+0.26 0.58 £0.20 0.80 £0.17* 0.75 £ 0.20* 0.65£0.23
Left % 0.79+0.17* 0.63 £0.16 0.83 £0.10* 0.82 £0.14* 0.77 £0.16*
Proximal g} 0.831+0.18* 0.65£0.18 0.67 £0.24 0.78 £0.18* 0.71£0.24
Right 0.89 & 0.06* 0.71£0.11 0.83 £0.13* 0.80 £ 0.23* 0.68 £0.26
*p < 0.05. W1, muscle synergies underlying isometric force generation; W, muscle synergies underlying kinematic point-to-point reaching; E

Flex, elbow flexion; E Ext, elbow extension; S
Add/Flex, shoulder adduction and flexion; S Abd/Ext, shoulder abduction and extension; and S Stab, shoulder stabilization.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Generalizability of muscle synergies in isometric force generation versus point-to-point reaching in the human upper extremity workspace



		1. Introduction



		2. Materials and methods



		2.1. Participants



		2.2. Equipment



		2.3. Experimental protocol



		2.4. Data analysis



		2.4.1. EMG processing



		2.4.2. Synergy identification and comparison



		2.4.3. Quantifying similarity between muscle synergies



		2.4.4. Quantifying the number of synergies activated per target direction



		2.4.5. Additional statistical tests











		3. Results



		3.1. EMG profiles of the isometric force generation vs. point-to-point reaching



		3.2. Number of muscle synergies in isometric force generation vs. reaching across starting locations



		3.3. Muscle synergies in isometric force generation across different starting locations



		3.3.1. Muscle synergy patterns



		3.3.2. Synergy activation profiles







		3.4. Muscle synergies in kinematic reaching across different starting locations



		3.4.1. Muscle synergy patterns



		3.4.2. Synergy activation profiles







		3.5. Comparison of muscle synergies between isometric force generation and kinematic reaching



		3.5.1. Similarity scores between motor tasks across conditions



		3.5.2. Number of synergies recruited per target direction











		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Human Neuroscience

Generalizability of muscle
synergies in isometric force
generation versus
point-to-point reaching
iIn the human upper extremity
workspace












OPS/images/logo.jpg
’ frontiers | Frontiers in Human Neuroscience







OPS/images/cross.jpg
@ Check for updates.





OPS/images/fnhum-17-1144860-g001.jpg
A Isometric Force Measurement Setup

Proximal

KINARM Exoskeleton

forward

lateral






OPS/images/fnhum-17-1144860-g004.jpg
Left

TriLat
AD
MD
PD
PECT
BRCH
uT
MT
LT
IN

Trilong

Muscle Synergies Across Conditions

ﬁ Distal

QO 5 W = I = |-
c® £ 8388 8% >SS
T - & m

-
Proximal

o —
LTi

PECT
BRCH
uT
MT
IN

TriLlong
TriLat
AD
MD

PD

Right

(=] =
LT
IN

TriLlong
TriLat
AD
MD
PD
PECT
BRCH
uT
MT

Point-to-Point Reaching - colored bar
Isometric Force Generation = white bar
E Flex me—
E Ext me——
S Add/Flex e
S Abd/Ext s

S Stab

Delt






OPS/images/fnhum-17-1144860-e001.jpg
VAF = 100 x (1

SSE
SST

)i

@)





OPS/images/fnhum-17-1144860-g005.jpg
Isometric Force Generation

Distal
forward o
F 3 ‘
120° 60°
medial < » |ateral
150°
v
backward
Left 180° Right
990 900
120° 60° 120° ol
210°
150° 150°
240° | 300°
270°
S Proximal B
90°
120° 60°
210° 210°
150°
240° 300° 240° | 300°
270° —cse
180°
E Flex
E Ext
210° S Add/Flex
| S Abd/Ext
240° | 300° S Stab
270°






OPS/images/fnhum-17-1144860-e000.jpg
EMG

Ww-C.

(1)





OPS/images/fnhum-17-1144860-g002.jpg
Force [N]

Forward

A B
— X Medial < —:‘; Lateral
e Fy Isometric Force Generation o, - Point-to-Point Reaching
ackwar
= F2z onset onset offset
A 1
0 I | 1 I [ ] "9’.5 .u T (S ! ! | e B
[~
e o T ————rie, ) ] ' : — s o
| 5 |
. | | | i | | S | |
&
L 3|
1 /MW | 'E 1 " . /\.—\/\ L 1
L N /\ | I | | "_‘ P . — e e /\’\/Aﬁwl e
MI< —— e et | N T e e ™ ]
L 4_/\/“’\/\/\/\/-’\/\/\/"' = ’
e ! | | | - N - e N AT N~ — ™ e
u E L e
w
i i i o | 8- e o~
| :
&
L A"’I\/\NI\/\A,\—\—I\/M | o = L —— || —N ! e ——— e ———— S
M 5 L_A e —~———~
-
WW\/\WW | P~ e, R, |
'—
L :
il | | L L L — ] I
e~~~ ~_—— " | P—— S —— N —— gou p—
1 1
0 ~—~———~ " — 0 ' - . —
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 3000

Time [ms]





OPS/images/fnhum-17-1144860-g003.jpg
gVAF[%]

Average Number of Mus

cle Synergies for Isometric vs Kinematic
| |

B
5 gVAF - Isometric vs Kinematic ;
8 =3
* ¥
o T
2
=
O 6
c
>
7
9 5k
(&)
()]
=]
= 4k
80 | , s D - [SOMETRIC | ©
s | _ |SOMETRIC o
/ s P - SOMETRIC | & 3T
75 s R - ISOMETRIC | 3
Threshold 2F
m= 1D - KINEMATIC
70 m== 1| - KINEMATIC b
m= 1P - KINEMATIC
m= R - KINEMATIC
65 [ L L L L [ 0 .
2 4 6 8 10 12 Distal

Number of Muscle Synergies

Left

- Isometric Force Generation
- Kinematic Reaching 1

*

* %

Proximal Right





OPS/images/fnhum-17-1144860-g006.jpg
Point-to-Point Reaching

Distal
forward
4 90°
120° 60°
medial < » |ateral
150°
v
backward
Left 180° Right
90° 90°
120° 60° 120° | 60°
210°
150° 150°
240° 300°
270°
1807 Proximal oy
90°
120° 60°
2106 2106
150°
240° W 300° 240° 300°
270° 270°
180°
E Flex
E Ext
| S Add/Flex
210°
Delt
S Abd/Ext
240° | 300° S Stab

270°






OPS/images/fnhum-17-1144860-g007.jpg
Number of Muscle Synergies Activated across Conditions

Left
90
120 60
| - |
150 —4
o o
o 9 S -
180 | O 0 (o B o ]
o 90 ()
O o 9
o) °A
210
240 | 300
270

30

33(

150

180 |

210

150

210

120

240

120

240

Distal
90

270

Proximal

90

270

60

300

60

300

30
0
1330 150
180 |
210
30
0
1330

Right
90
120 | 60

240 | 300
270

30

330

Isometric Force Generation
Point-to-Point Reaching






