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ABSTRACT
Background

Stroke often leads to upper-extremity motor impairments, including abnormal
neuromuscular coordination (i.e., motor modules), which reduce independent joint control and
impair activities of daily living. Conventional rehabilitation mainly targets the resultant motor
deficits (e.g., impaired movement) rather than the underlying neuromuscular dysfunction,
potentially limiting transferability of gains beyond trained tasks. Therefore, we propose a
customized, motor module-guided exercise facilitated by human-machine interaction to improve
neuromuscular coordination and reduce motor impairment.
Methods

Five chronic stroke survivors with severe-to-mild upper extremity impairment participated
in a six-week motor module-guided intervention in which they learned to selectively activate
muscle groups identified in healthy individuals. In addition, three stroke survivors completed a
force-guided intervention as an active control group. Standardized clinical assessments, including
the Upper Extremity Fugl-Meyer Assessment and Action Research Arm Test, were performed
before and after training and repeated one and three months later to assess retention.
Neuromuscular coordination was quantified using non-negative matrix factorization of surface
electromyography, and inter-joint coordination was evaluated during dynamic tasks using a motion
capture system before and after training.
Results

Four of the five participants in the motor module-guided intervention improved
neuromuscular coordination. These participants also showed clinically meaningful improvements

in motor impairment, which were generally maintained at one and three months after training. In
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contrast, although the force-guided group showed improvements in task-specific performance and
force control, no significant changes in neuromuscular coordination or motor impairment were
observed. Notably, improvements in motor impairment correlated with enhanced stroke-induced
motor module composition. Finally, findings suggest potential transferability of enhanced
neuromuscular control from the trained isometric condition to untrained dynamic behaviors.
Conclusion

This pilot study showed that motor module-guided rehabilitation could induce
improvement of stroke-affected neuromuscular coordination, even in severely impaired chronic
stroke survivors, reducing motor impairment and improving motor control beyond the trained task.
These findings support neuromuscular coordination-guided rehabilitation as a promising

framework for post-stroke recovery.

Trial registration:
The study was approved by the University of Houston Institutional Review Board

(STUDY00001333) and registered in ClinicalTrials.gov (NCT07531264).

Keywords:
Stroke, Motor impairment, Muscle synergy, Motor module, Neuromuscular coordination,

Human-machine interaction, Motor module-guided exercise, Neurorehabilitation
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84 INTRODUCTION

85 Stroke is a leading cause of long-term disability in adults, with an estimated global prevalence
86  of 101 million cases in 2019 [1]. In the United States alone, approximately 800,000 individuals
87  experience a stroke each year. Eighty percent of stroke survivors experience motor impairments,
88  particularly in the upper extremity [2]. Major motor impairments, including muscle weakness,
89  spasticity, and abnormal neuromuscular coordination, substantially reduce motor performance and
90 limit the ability to perform activities of daily living [3]. Importantly, even after conventional
91  rehabilitation or partial spontaneous recovery of strength and spasticity, motor impairments
92 frequently persist [4]. Among these deficits, impaired neuromuscular coordination plays a critical
93  role because it often leads to a loss of independent joint control and the emergence of abnormal
94  stereotypical multi-joint movement patterns [5]. These persistent coordination deficits highlight
95 the need for rehabilitation strategies that specifically target stroke-induced alterations in
96  neuromuscular coordination.

97 Computationally identified motor modules—also referred to as muscle synergies or
98  intermuscular coordination patterns—provide a useful proxy for characterizing alterations in
99  neuromuscular control after stroke [6], [7], [8], [9], [10]. Here, motor modules are defined as
100  consistent patterns of muscle coactivation across multiple muscles that are required to produce a
101 variety of voluntary movements. This framework offers a quantitative approach to characterizing
102 neuromuscular coordination and has strong potential to inform targeted rehabilitation
103 interventions. Motor module analysis has been applied to investigate neuromuscular coordination
104  of movement and force control in the upper extremity after stroke [7], [8], [11], [12], [13], [14],
105 [15], [16]. This approach has revealed that stroke alters intermuscular coordination, as reflected

106 by changes in the number of motor modules, their muscle composition, and their temporal
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107 activation profiles. These alterations are often associated with standardized clinical scores of motor
108 function [17], [18], [19]. Indeed, the prevalence of abnormal neuromuscular coordination tends to
109  increase with greater motor impairments after stroke [13], [20]. Overall, these findings indicate
110  that motor modules provide a clinically meaningful representation of neuromuscular coordination
111 and its impairment after stroke.

112 Neurophysiological evidence suggests that these abnormalities are linked to altered supraspinal
113 control after stroke. Damage to the motor cortex and corticospinal tract can disrupt the neural
114 orchestration of spinal motor modules, leading to characteristic changes such as module merging,
115  fractionation, or loss [7], [21]. In addition, compensatory upregulation of descending pathways
116  (particularly the medial reticulospinal tract, but also involved the vestibulospinal tract) and
117  maladaptation in the spinal circuitry may contribute to abnormal stereotypical multi-joint
118  activation patterns following stroke [22], [23], [24], [25], [26]. Studies of cortico-synergy
119 coherence in healthy individuals further suggest that motor modules are represented at the cortical
120 level and coordinated via alpha-band neural oscillations, supporting a cortical contribution to
121 synergy organization [27], [28].

122 Beyond elucidating the neural basis of altered neuromuscular coordination, a central question
123 for stroke rehabilitation is the extent to which these neuromuscular coordination patterns
124 generalize across tasks, as such generalizability would suggest that targeting motor modules may
125 extend intervention benefits beyond the specific trained task. In the lower extremity, shared motor
126  modules have been observed across locomotor tasks such as walking and cycling in healthy
127 individuals [29], and walking and reactive balance in stroke survivors [30]. In the upper extremity,
128  recent studies have shown evidence of motor modules shared across distinct behaviors—such as

129 isometric force generation and dynamic reaching—in both neurologically intact individuals [31]
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130 and stroke survivors [15]. This cross-task generalizability suggests that modifying stroke-induced
131 motor modules through rehabilitation may yield improvements that transfer to untrained tasks
132 including functional activities. Despite this growing body of evidence on alterations in
133 neuromuscular coordination after stroke, the translation of motor module analysis into
134 neurorehabilitation design remains limited.

135 To date, electromyogram (EMG)-guided neurorchabilitation has emerged as a promising
136 approach to promote recovery after stroke by providing real-time information about muscle
137  activation [32], [33]. Traditional EMG-guided rehabilitation is not motor module-guided, mostly
138 targeting individual muscles or small muscle groups rather than multi-muscle coordination patterns
139 [34], [35], with limited evidence for directly modulating neuromuscular coordination toward
140  patterns identified in the healthy population. For instance, EMG-guided virtual-reality training
141 aiming at reducing unintended wrist flexor—extensor co-activation has shown promise in
142 promoting functional recovery and neural plasticity in individuals with severe impairment [34],
143 [36]. Also, other EMG-guided interventions have focused on decoupling abnormal co-activation
144 between muscle pairs (either antagonistic or agonistic pairs), resulting in reductions in motor
145 impairment and modulation of motor module composition [37], [38], [39]. Furthermore, our
146 previous EMG-guided study demonstrated the feasibility of directly expanding the repertoire of
147 motor module patterns through an isometric rehabilitation paradigm designed to decouple an
148 elbow agonist muscle pair, even in individuals with chronic and severe impairment [35].

149 In contrast, motor module-guided neurorehabilitation strategies could be broadly subdivided
150  into two categories. First, some interventions use motor modules to generate stimulation patterns
151  passively delivered to stroke survivors; the patients do not actively use motor modules in their

152 motor performance. For instance, recent functional electrical stimulation (FES) studies used motor


https://doi.org/10.64898/2026.09.09.26362476

medRxiv preprint doi: https://doi.org/10.64898/2026.09.09.26362476; this version posted September 13, 2026. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

153 module patterns identified from healthy individuals to guide their FES training (also known as
154 synergy-based FES) in the upper and lower extremities [40], [41], [42], reporting shifts toward
155  healthier module composition alongside functional gains. Second, interventions in which motor
156  modules are provided as real-time biofeedback require participants to actively modulate their
157  neuromuscular coordination to achieve the training goals (e.g., the present study). To our
158 knowledge, this last approach has not yet been investigated. Therefore, it remains unclear whether
159  directly targeting individual motor modules can restore impaired neuromuscular coordination after
160  stroke, reduce motor impairment, and promote transfer of training effects from practiced tasks
161  (e.g., isometric force generation) to untrained tasks (e.g., dynamic reaching).

162 Thus, in this pilot study, we designed and tested a novel neuromuscular coordination-guided
163 training protocol under isometric conditions to promote individualized recruitment of upper-
164  extremity motor modules in chronic stroke survivors. A force-guided training was implemented as
165  an active control to account for the potential confounding effect of repetitive isometric force
166  generation without learning desired muscle coordination. The primary objective was to determine
167  whether motor module-guided human—machine interaction can improve motor impairment by
168 reducing abnormal intermuscular coordination. This work aims to advance personalized

169  rehabilitation strategies that directly target neural recovery mechanisms after stroke.

170

171 METHODS

172 Participants

173 Five stroke survivors [4 males, 57 = 11.7 years (mean + standard deviation (SD))] were
174 enrolled in the motor module-guided training (test group), while three stroke survivors [2 males,

175  53.7 £9.6 years] underwent the force-guided training (control group). All participants experienced
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176 asingle unilateral stroke and were in the chronic stage of recovery (> 6 months since stroke onset).
177 Upper extremity (UE) motor impairment ranged from mild to severe, as measured by the UE Fugl-
178  Meyer Assessment (UE-FMA) (max score = 66 points). The demographics of stroke survivors are
179  summarized in Table 1. The study was approved by the University of Houston Institutional
180  Review Board (STUDYO00001333), registered in ClinicalTrials.gov (NCT07531264), and
181  conducted in accordance with the Declaration of Helsinki. Informed written consent was obtained

182 before each assessment and training session.

183 Table 1. Demographic data and clinical scores

Time after Fugl-Meyer

Participant Training* Sex Type of stroke stroke-onset Assessment More;\Affected
(years) (out of 66) m
P1 MMG F Ischemic 7.2 49 Right
P2 MMG M Hemorrhagic 8.6 6 Left
P3 MMG M Hemorrhagic 3.1 33 Right
P4 MMG M Ischemic 2.5 39 Right
P5 MMG M Ischemic 2.6 20 Right
P6 FG F Ischemic 3.1 57 Right
P7 FG M Ischemic 1.8 34 Right
P8 FG M Ischemic 2.1 21 Right
184 # MMG = Motor module-guided training; FG = Force-guided training
185  Equipment
186 Intermuscular coordination assessments and training sessions, including both motor module-

187  guided and force-guided protocols, were conducted using a custom-designed robotic device, the
188 KAIST Upper Limb Synergy Investigation System (KULSIS) [43]. This robotic device stabilized
189 the arm while enabling the generation of three-dimensional forces at the hand during isometric
190  tasks. The 3D force/torque data were measured at the hand by a six-degree-of-freedom load cell

191  (Model: 45E15A4, JR3, Woodland, CA). Surface electromyographic (EMG) data (Trigno
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192 Wireless Biofeedback System; Delsys Inc., Boston, MA, USA) were recorded at a sampling
193 frequency of 1 kHz.

194 EMG activity was recorded from eight major UE muscles: brachioradialis (BRD), biceps
195  brachii (BB), triceps brachii (long (TrLo) and lateral (TrLa) heads), the three fibers of the deltoids
196  (anterior (AD), middle (MD), and posterior (PD)), and the clavicular head of the pectoralis major
197  (PEC).

198 For kinematic assessments, a motion capture system (Qualisys, Gothenburg, Sweden) was used
199  to record upper limb and trunk movements. Eight reflective markers were placed on anatomical
200  landmarks, including the acromion, incisura jugularis, the 7th cervical vertebra, 10th thoracic

201  vertebra, lateral and medial epicondyles, and radial and ulnar styloid processes.

202  Experimental Setup

203 For the intermuscular coordination assessments and both trainings, participants were seated
204  with the trunk secured with a seatbelt to constrain trunk and upper-body motion and reduce
205  compensatory movements [44]. The handle was positioned to align with the participant’s
206  ipsilateral shoulder at a distance corresponding to 60% of his or her full arm length [13], [35], [45].
207  In addition, to ensure a consistent grasping posture, participants wore an auxiliary training glove.
208 For the training exercises, visual feedback was provided through a custom interface developed
209  in LabVIEW, where participants interacted with a 2D display showing a circular cursor that moved
210  based on task-related signals (i.e., multi-EMG activation or force output), depending on the

211 training paradigm.
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212 Experimental Protocol

213 Designing the Motor Module-Guided Paradigm

214 This paradigm used motor modules as visual feedback so that post-stroke participants could
215 train to activate desired muscle coordination. To customize the training paradigm, individualized
216  motor module targets were defined for each participant based on their own intermuscular
217 coordination identified from the non-paretic arm to define the targeted motor modules (e.g., Figs.
218 1A and 1B). Four commonly observed UE motor modules (see Methods section “The Procedure
219 to Identify Motor Modules™), consistent with those previously identified in healthy individuals
220  during a similar isometric force generation task [13], [15], [31], [45],were targeted: Elbow Flexor
221 (EF, including BRD and BB), Elbow Extensor (EE, including TrLo and TrLa), Shoulder
222 Flexor/Adductor (SF/Ad, including AD, MD, and PEC), and Shoulder Extensor/Abductor (SE/Ab,

223 including MD & PD, or PD only).

A Non-Paretic Arm B Targeted Motor Modules C Game Feedback
Interface
il | I ]
Main muscles Elbow signal _
(generalized) r (EF- I_EE) I
R —> Ll
SFIAd —— | | Muscle weights SFIAd Jﬂ* _
from the non- Shoulder signal .
SEIAb1 paretic arm SEIAb1 I - (SE/Ab — SF/Ad)
.]A_-;_L (customized) . X-axis
TEELELY: 2823288¢
1] F = o m = o

224

225 Figure 1. Design of individualized feedback for the motor module-guided training. Motor modules identified from the non-paretic
226 arm of an exemplary stroke survivor (A), customized targeted modules (B), and game feedback interface (C). Participants control
227 the cursor (green ball) to match one of the four targets (EF, elbow flexor,; EE, elbow extensor; SF/Ad, shoulder flexor/adductor;
228 and SE/Ab, shoulder extensor/abductor) by selectively activating each motor module. The eight major UE muscles were:
229 brachioradialis (BRD), biceps brachii (BB), triceps brachii, long (TrLo) and lateral (TrLa) heads, the three fibers of the deltoids
230 (anterior (AD), middle (MD), and posterior (PD)), and the clavicular head of the pectoralis major (PEC).

231 Real-time EMG signals from the paretic arm were low-pass filtered (3rd-order Butterworth, 5
232 Hz as cut-off frequency). The equations that guided the cursor location during the motor module-

233 guided training were calculated based on the predefined muscle weights from the non-paretic arm

10
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234 and the real-time EMG signals from the paretic arm. For instance, the two elbow motor module

235  equations that guide the training are as follows:

BRD BB . BRD BB
236 EFSl-gnal=<a*—”+ﬁ*—”)*mm<a* PA_ B w———PA )
MVCpRpp, MVCgp,, MVCBRpp, MVCpp,,
TrLo TrLa . TrLo TrLa
237 EEsignal:(y*—“+5*—“)*m1n<y* P48 * P4 )
MVCTTLOPA MVCTrLaPA MVCTrLoPA MVCTrLaPA

238  where a, B, v, and d are the muscle weights for BRD, BB, TrLo, and TrLa, respectively, identified
239  from the targeted motor modules. In addition, BRDpa, BBpa, TrLopa, and TrLapa are the real-time
240  EMG signals during training from each respective muscle from the paretic arm (PA). Following
241  the same idea, SF/Ad and SE/AD signals were calculated to guide training. At the start of each
242 training session, participants applied the maximal voluntary force in each of the four pre-defined
243 motor module preferred directions (MMPD; see Methods section “The Procedure to Identify
244 Motor Modules™) three times (12 trials, in total). These trials were used to obtain the maximum
245 voluntary contraction (MVC) of each muscle from the paretic arm and the four maximum
246  voluntary motor module signals (i.e., the maximum values of the four motor module equations).
247 The training interface was designed to provide real-time feedback based on synergistic muscle
248  activation groups to promote selective control of individual muscle groups. During training, the
249  four motor module equations were mapped to the displacement of the cursor in a 2D visual display
250  inacustomized LabVIEW software. EF and EE activation controlled vertical cursor motion (along
251  the y-axis, upward and downward directions, respectively), while SF/Ad and SE/Ab activation
252 guided horizontal cursor motion (along the x-axis, medial and lateral directions, respectively) (Fig.
253 1C).

254 Participants interacted with a 2D visual display where a circular cursor moved to match one of
255  the four predefined motor module targets (EF, EE, SF/Ad, and SE/Ab). To adjust the difficulty of
256  the training, the visual feedback display was scaled to 70% of each participant’s pre-measure

11
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257  maximum voluntary motor module signals. The scaling value and the margins to create the target
258  square were selected empirically based on our previous study [35], which demonstrated that motor
259 module characteristics could be modulated using a 70% muscle activation training paradigm, and
260  established the margins as 15% of the maximum voluntary motor module signals. An initial
261  feasibility assessment in the first stroke participant (P1) further supported that the task could be
262  performed at a challenging yet achievable difficulty level. Throughout training, participants
263 experimented with and refined their own strategies to achieve the targets, while general verbal
264  guidance was provided when necessary to encourage activation of a single motor module at a time.
265  For example, to reach the EE target, participants were instructed to produce an isometric force in
266  the downward and forward direction, activating their triceps only while trying to keep the shoulder
267  as relaxed as possible.

268 Figure 2 shows four different possible scenarios for motor module-guided training. First, when
269  aparticipant did not activate any muscle, the cursor remained centered on the screen, indicating a
270  resting or baseline state (Fig. 2A). Second, when participants selectively activated a single
271 synergistic muscle group, the cursor moved toward the corresponding direction on the display. For
272 example, activating only the EF synergistic muscles (BRD and BB) caused the cursor to move
273 upward into the target zone (top blue zone in Fig. 2B). Third, if two antagonistic motor modules
274  within the same joint (e.g., EF and EE) were activated simultaneously, the signals canceled each
275  other out, and the cursor remained near the center, failing to match the target (e.g., Fig. 2C).
276  Finally, when multiple motor modules across different joints were co-activated, such as
277  simultaneous activation of EF and SF/Ad, the cursor deviated off the intended path in a diagonal

278  direction, missing that target (Fig. 2D). This interface was designed to allow participants to

12
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279  progressively improve their ability to isolate and control individual group of synergistic muscles,

280  akey goal in reducing abnormal intermuscular coordination after stroke.

Baseline (Muscles are relaxed) EF is activated only
A B 9
If EF & EE are co-activated If SF & EF are co-activated
C D
R
!
281
282 Figure 2. Game interface based on individualized motor module targets. Participants control the cursor, the green circle, by
283 activating a group of muscles. A, A participant does not activate any muscle (baseline). B, If the participant activates only EF
284 muscles, the cursor goes up to the target-match zone (blue square). C, If the participant activates two antagonistic groups of
285 muscles, the target will stay close to the center; D, If a participant activates EF and SF motor modules, the cursor will move in a

286 diagonal direction and be out of the target-match zone. EF, elbow flexor; EE, elbow extensor; SF, shoulder flexor/adductor; SE,
287 shoulder extensor/abductor.

288  Designing the Force-Guided Paradigm (Active Comparator)

289 For the force-guided control group, the four individualized MMPDs were adopted to design
290  the 3D target directions. Each training session began with an assessment of the four maximum
291  voluntary forces generated in each of their respective MMPDs. Participants performed isometric
292 strengthening exercises with force targets aligned to their MMPDs, using real-time 3D force data
293 measured at the hand by the KULSIS system. The visual feedback display was scaled to 40% of
294  each participant’s pre-measure maximum voluntary force in each MMPD, with a 15% logical
295  radius to match the targets.

296 The 40% MVC target was selected to establish a challenging yet achievable workload that

297  could be sustained across the entire training session. A previous study showed that even at 30%

13
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298  MVC, stroke survivors show greater motor unit firing rate decline on the paretic side during
299  sustained isometric contractions compared to the non-paretic side, indicating heightened
300  susceptibility to central fatigue [46]. In addition, our preliminary testing in healthy young adults
301  indicated that maintaining force levels of 60-70% MV C throughout the force-guided protocol was
302 excessively fatiguing, which is consistent with evidence that the critical torque threshold for
303  sustainable intermittent isometric contractions lies at approximately 35-55% MVC in healthy

304  individuals, above which neuromuscular fatigue develops rapidly [47].

305  Training Protocol for Both Exercises

306 To match a target in the motor module-guided training, participants received real-time EMG-
307  based feedback (Fig. 3A), and a synergistic group of muscles should be activated while relaxing
308  the other muscles to successfully match a target. Meanwhile, the force-guided group focused solely
309  on endpoint force control (Fig. 3B), and the force in a specific 3D direction should be generated
310  to successfully match a target. Figures 3C and 3D show examples of successful target matches
311 during the motor module-guided and force-guided exercises, respectively. During training, the four
312 targets were presented in a pseudorandom order. Each trial included a 3-second inter-trial interval,
313 a2-second baseline, and up to 9 seconds to match a target successfully. To successfully match a
314  target, the participant should move the cursor to the target match area and hold it there for 1 second.
315  Ifatarget was not matched, an additional attempt in the same direction appeared, and a maximum
316  of three attempts were allowed per target repetition. Both training exercises consisted of one hour
317  of training per session, three days per week for six weeks (18 training sessions in total). Each
318  training session consisted of three training blocks (approximately 15 min each; about 60 attempts

319 per block) separated by a break (at least 5 minutes).

14
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Figure 3. Setups of the two exercises, which adopt human-machine interaction in isometric force generation. A, Motor
module-guided exercise provides multiple EMG activations as visual feedback, and a selective, desired muscle
coordination pattern is required for target matches. B, Force-guided exercise provides 3D forces as visual feedback;
as long as the target force is achieved, any muscle activation enables target matches. Two examples of matched trials:
elbow flexor trial during motor module-guided exercise (C), and upward trial during force-guided exercise (D).
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326 Session schedule for both exercises (E). Brachioradialis (BRD), biceps brachii (BB), triceps brachii, long (TrLo) and
327 lateral (TrLa) heads.

328 One participant (P2) with severe motor impairment (pre-training UE-FMA = 6 out of 66) was
329  unable to generate and sustain 70% of maximum voluntary motor module signals for the required
330  one-second hold during the first 3 weeks of training. Therefore, the parameters were adapted to
331  reduce the difficulty, so successful target matches were defined as 40% of his pre-measure
332 maximum voluntary motor module signals, and maintaining it for 0.5 s. In addition, he performed
333 9 additional training sessions (27 training sessions, in total) because of the modification of the
334 game difficulty.

335 The session schedule consisted of four assessment sessions and 18 training sessions (Fig. 3E).
336  Standardized clinical assessments, including the UE Fugl Meyer Assessment (UE-FMA) for motor
337  impairment and the Action Research Arm Test (ARAT) for motor function, were performed by a
338  certified physical therapist before and after training and at one and three months after the last
339 training session. UE-FMA served as the primary outcome measure. In addition, at baseline and
340  post-training assessments, intermuscular coordination was identified using motor module analysis.
341  Finally, kinematic assessment and intermuscular coordination analysis underlying untrained,
342 dynamic conditions were used to investigate potential transferability from the trained task (i.e.,
343 isometric condition) to an untrained task (i.e., dynamic condition).

344  Intermuscular Coordination Assessment (Underlying Isometric Task)

345 To quantify intermuscular coordination, motor module identification was conducted using
346  surface EMG signals collected during isometric force-matching tasks in 54 directions, evenly
347  distributed in 3D space [12], [13], [35], [45]. This large set of directions was used to identify a
348  robust set of motor modules that explain the potentially maximum variance of EMG activation in

349  the eight muscles generated in the 3D UE workspace. Each participant’s paretic arm was tested
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350  both pre- and post-training to investigate training-related changes. Also, the non-paretic arm was
351  assessed only at baseline to obtain the targeted motor module characteristics. At the beginning of
352 the assessment, each participant’s maximum lateral force (MLF) was measured with the hand
353  positioned at the initial arm posture (i.e., holding the handle at 60% of the participant’s full arm
354  length from the ipsilateral shoulder and the hand at the level of the glenohumeral joint). To reduce
355  compensatory movements during this assessment, the following strategies were applied: (1)
356  participants wore a seatbelt to constrain trunk and upper-body motion; (2) they received verbal
357  instructions to complete the task without moving the arm and trunk; (3) compensatory movements
358  were visually monitored during the intermuscular coordination assessments, and real-time verbal
359  feedback was provided as needed by the operator; and (4) all participants performed practice trials,
360  which helped them reduce arm and trunk movement as much as possible. At the beginning of the
361  assessment, the KULSIS’s handle supported the participant’s relaxed arm against gravity. Then,
362 theload cell attached to the handle was zeroed to remove any force signals attributable to the arm’s
363 weight, allowing for precise measurement of three-dimensional forces. The goal of the assessment
364  was for participants to apply and maintain a force equal to 40% of their MLF output for one second
365  in each of the 54-targets randomly displayed [12], [13].

366  Post-Training Intermuscular Coordination Assessment (Underlying Dynamic Task)

367 Post-training intermuscular coordination underlying a dynamic task was assessed using surface
368  EMG from the same eight upper-extremity muscles recorded during a point-to-point reaching task
369  performed in horizontal and frontal planes (12 targets per plane, evenly distributed; 24 reaching
370  targets in total). The number of targets was selected to ensure robust extraction of motor modules,
371  as previous studies have shown that at least six reaching directions are required to obtain valid

372 muscle synergies [48]. For both exercises, post-training motor modules from the paretic arm were
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373  compared with motor modules identified from healthy individuals in our previous study [15],
374  whose data set served as the reference for this analysis. Detailed methods for this assessment are
375  described in our previous study [15].

376  Kinematic Assessment

377 At pre- and post-training for the mildly and moderately impaired participants, inter-joint
378  coordination during dynamic tasks was assessed using the data obtained from point-to-point
379  reaching and drinking tasks [49]. For the reaching task, four diagonal directions on the horizontal
380  plane were selected to capture distinct joint coordination patterns. The starting hand position was
381  located along the trunk midline at a distance equal to 70% of the arm length. Targets were placed
382 15cm from the starting position. Participants completed five repetitions per direction at a self-
383  selected speed. Since participants with severe impairment could not perform this unsupported
384  reaching and drinking tasks, they were assessed using full active range of motion (ARoM) tasks
385 for shoulder flexion/extension, internal/external rotation, abduction/adduction, elbow

386  flexion/extension.

387  Data Analysis

388  The Procedure to Identify Motor Modules

389 The raw EMG signals recorded from the eight UE muscles during the intermuscular
390  coordination assessment underlying the isometric condition were processed using customized
391 MATLAB software. Initially, electrocardiogram (ECG) artifacts were detected through visual
392 inspection and subsequently removed using a wavelet-based filtering method. Next, the data were
393  demeaned to remove the DC offset, and a full-wave rectification was applied. Then, baseline
394  subtraction reduced noise. Lastly, to extract the EMG envelope, a low-pass filter was applied using

395  a 4th-order Butterworth filter with a cutoff frequency of 10 Hz. The EMG data during the one-
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396  second holding period from all trials were concatenated for each assessment. Each muscle’s EMG
397  data were normalized to unit variance to prevent dominance from muscles with higher signal
398  variability [12], [31], [45].

399 Each participant’s pre-processed EMG data were analyzed for each arm separately using non-
400  negative matrix factorization (NNMF) to identify motor modules. To satisfy the NNMF’s non-
401  negativity constraint, all negative preprocessed EMG values were set to zero. The eight-arm
402  muscles’ EMGs were represented as a linear combination of a set of time-invariant motor modules
403 (W) and their respective time-varying activation profiles (C) as follows:

404 EMGyarrix = W - C

405  where W is an M (number of muscles = 8) by N (number of motor modules) matrix, and C is an N
406 by D (number of data sample points) matrix. To determine the minimum number of motor modules
407  required to accurately reconstruct the spatial characteristics of the EMG signals, the variance
408 accounted for (VAF) was calculated across the entire dataset, referred to as the global VAF

409  (gVAF). VAF was defined using the following formula.

410 VAF =100 (1 - j’i—i)

411 where SSE is the sum of the squared residuals, and STT is the summation of the squared EMG
412 data [13]. The optimal number of motor modules was selected based on three criteria: 1) global
413 variance accounted for (gVAF) exceeding 90%; 2) the addition of a new motor module
414  contributing at least 5% additional gVAF; and 3) the VAF for each muscle greater than 60% [31],
415 [50].

416 Motor modules were identified separately from the paretic arm during pre- and post-training

417  isometric assessments. Additionally, the MMPD in 3D force space was estimated by the linear
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418  summation of the motor module activation profile as a function of the target force vector identified

419  from the paretic arm.

420  Calculation of Motor Module Similarity

421 Similarity indices between motor modules from the paretic and the targeted motor modules
422 were quantified using the scalar (dot) product between the best-matched pairs of motor module
423 vectors across all possible combinations within each participant [7]. To estimate the similarity
424 threshold, 1000 random sets of motor module patterns were generated by randomly selecting
425  muscle weights from the identified motor modules across all participants and both exercises. Each
426  vector was normalized by dividing by its magnitude to obtain unit vectors. Dot products were then
427  calculated for all possible pairwise combinations of these motor module vectors, sorted in
428  ascending order, and the threshold was defined as the 95th percentile of the resulting distribution
429 [13],[15], [31], resulting in a value of 0.822. Motor modules underlying isometric condition were
430  considered statistically similar (p < 0.05) if their scalar product exceeded this threshold.

431 Pre-training motor modules from the paretic arm were individually compared with all targeted
432 motor modules identified from the non-paretic arm. A module was considered preserved if its
433 maximum scalar product with any motor module from the non-paretic arm exceeded the threshold
434 (0.822), and altered otherwise, suggesting abnormal stroke-induced motor module composition.
435 Next, motor module similarity was calculated between each post-training altered motor module
436  and its respective targeted motor module. Pre-training motor modules classified as preserved were
437  excluded from this analysis, as the focus was on training-related changes in abnormal motor
438  modules only. The difference between the post-training and pre-training similarity indices was
439  then computed and averaged within each participant to quantify changes in altered intermuscular

440  coordination resulting from training.
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441 Finally, Spearman’s rank correlation was used to assess monotonic relationships between
442 changes in altered intermuscular coordination and changes in UE-FMA after six weeks of training.

443 Significance for the Spearman correlation analysis was set at p < 0.05.

444 Intermuscular Coordination Analysis Underlying Dynamic Task

445 Following our previous study procedure [15], EMG signals were preprocessed (artifact
446  removal, full-wave rectification, and filtering) and normalized to unit variance to prevent any bias
447  toward muscles with higher variance in the motor module identification procedure [51]. NNMF
448  was applied to identify post-training motor modules from the paretic arm. Post-stroke survivors
449  typically required four motor modules to adequately reconstruct upper extremity muscle activity
450  during point-to-point reaching, whereas healthy controls required five [15]. To enable direct
451  pairwise comparison of synergy structure between groups, the number of motor modules extracted
452 from the healthy group was set to four, matching the stroke group. Reference (norm) motor
453 modules were obtained by averaging and normalizing the motor modules across the eight healthy
454  participants from our previous study [15]. Each motor module was labeled according to the
455  primary mechanical action of its dominant muscles: elbow flexor (EF), elbow extensor (EE),
456  shoulder flexor/adductor (SF/Ad), and shoulder extensor/abductor (SE/Ab).

457 To quantify the similarity between each stroke survivor's motor modules and the healthy
458  reference set, the scalar product was computed between each post-stroke motor module and all
459  four reference motor modules. The similarity threshold for the point-to-point reaching task was
460  determined using the same procedure described for the isometric analysis (see Methods section
461  “Calculation of Motor Module Similarity”), but using motor module vectors identified from the
462 dynamic task, yielding a threshold underlying the dynamic condition of approximately 0.814 (p <

463 0.05). A motor module from stroke survivors was considered statistically similar to its
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464  corresponding healthy reference module if the highest scalar product across all pairwise

465  comparisons exceeded this threshold.

466  Kinematic Analyses

467 The locations of eight reflective markers were used to estimate the coordinate system of the
468  trunk, clavicle, humerus, and forearm segments. Marker trajectory data were filtered using a
469  fourth-order, low-pass Butterworth filter (3 Hz cutoff). These filtered trajectories were then used
470  to estimate the coordinate system of each body segment, adopting the definitions from previous
471 studies [52]. Joint kinematics was calculated using the rotation sequence recommended by the
472 International Society of Biomechanics [53].

473 Changes in inter-joint coordination were assessed in two ways: 1) kinematic synergy similarity
474  score [54] and 2) pairwise joint angle-to-angle correlation (e.g., between shoulder abduction and
475  elbow flexion). Kinematic synergies were identified using NNMF [55]. Since NNMF requires
476  positive constraints, the degrees of freedom at each joint were separated into two distinct motions
477  (e.g., elbow flexion/extension was divided into separate elbow flexion and extension components)
478  [56]. Kinematic synergy similarity between stroke survivors and healthy participants was
479  calculated using their scalar product. Pairwise joint angle-to-angle correlations were calculated

480  using Pearson's correlation coefficient between joint angles during the point-to-point reaching task.

481  Additional Statistical Analyses

482 The following variables did not satisfy the normality assumption based on the Shapiro—Wilk
483  test: 1) the number of targets matched per set, comparing the first week and the last week; and 2)
484  the average target-matching time per participant. As a result, non-parametric statistical methods
485  were used, with the Wilcoxon signed-rank test applied for paired comparisons. All statistical

486  significance was defined as p <0.05.
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487  RESULTS

488  Improvements in Task Performance during Training

489 Over the course of the six-week training period, both the motor module-guided and force-
490  guided groups showed improvements in training task performance, as reflected by an increased
491  number of successfully matched targets per set during the last week of training compared with the
492 first week (Fig. 4A). In the motor module-guided group, all five stroke participants showed a
493  statistically significant increase in the number of matched targets using a one-tailed Wilcoxon
494  signed-rank test on paired block-wise comparisons (*, p < 0.05; **, p <0.01). By the last week of
495  training, participants were generally able to match targets across all four directions. One exception
496  was P2, the participant with severe motor impairment, who was unable to successfully match the
497  Shoulder Flexion/Adduction (SF/Ad) target during the six-week training period, although he later
498  developed a strategy to match this target by the 27th session. Participants in the force-guided group
499  similarly showed also increases in the number of matched targets per set from the first to the last
500  week of training. Time taken to match targets also changed across training (Fig. 4B). These time

501  results should be interpreted together with the success data, particularly for cases such as P2, where
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the first-week value reflects no successful matches rather than faster target matching, and the later

nonzero value reflects the emergence of successful target matches.
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Figure 4. Comparison of task performance between the first and last week of training in the motor module-guided and force-

guided groups. A, The percentage (mean £ SD) of matched targets per set for the motor module-guided group (P1-P5) and the
force-guided group (P6—P8). Stacked bars indicate performance across four target directions color-coded: Elbow Flexion (EF) in

blue, Elbow Extension (EE) in red, Shoulder Flexion/Adduction (SF/Ad) in orange, and Shoulder Extension/Abduction (SE/Ab) in

purple. B, The time (mean * standard error) taken to match targets per participant. Hatched bars represent the first week of

training, while white bars represent the last week of training. *, p < 0.05; ** p < 0.01). N/A, not applicable.

Effects of Two Exercises on Motor Impairment and Neuromuscular Coordination

Clinical Assessments

Four out of five participants with mild to severe motor impairment exhibited a reduction in
motor impairment following motor module-guided training, as assessed by the UE-FMA (Fig.
5A). These four stroke survivors improved by an average of 9.25 points, exceeding the Minimal

Clinically Important Difference (MCID > 4) for the UE-FMA [57]. The other stroke survivor (P5)
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517  did not improve motor impairment after the motor module-guided training, and since the study’s
518  primary outcome was UE-FMA, P5 was classified as a non-responder. Notably, the improvements
519  in the four responders were typically maintained after 1 and 3 months of the last training session.
520  For the participant with severe motor impairment (P2) who performed three additional weeks of

521  training (9 weeks of training in total), the UE-FMA score was 12 at the end of 6" Week.

522 In contrast, the force-guided group did not show an increase in the FMA score above MCID
523 after the intervention. P6 remained at 57, P7 increased minimally from 34 to 35, and P8 declined
524  slightly from 21 to 20 (Fig. SB). Figure 5C showed detailed changes in UE-FMA subsections in
525  both exercises. In the motor module-guided group, four out of five cases improved the scores of
526  the FMA subsection for the upper extremity, the wrist and hand, as well as the coordination and
527  speed, except one non-responder. The amount of the change was not observed in the force-guided
528  group after the six weeks of training.

529 The Action Research Arm Test (ARAT) further assessed upper extremity functional
530  performance. In the motor module-guided group, two of the four UE-FMA responders showed
531  improvements in ARAT scores, with P3 improving by 10 points and P4 by 4 points, whereas P1
532 and P2 showed no change (Supplementary Fig. 1). In the force-guided group, P6 and P8 each

533 improved by 3 points, while P7 showed a slight decrease of 2 points.
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Figure 5. Upper extremity Fugl-Meyer assessment (UE-FMA) pre- and post- training, and one month and three months afier the
last training session for both motor module-guided (A) and force-guided (B) exercises. C, Table to detail the UE-FMA values in
both exercises. Pre, pre-training; post, post-training.

Neuromuscular Coordination
The motor module-guided feedback induced changes in the characteristics of motor modules

in stroke, but force-guided feedback did not. The number of motor modules in the paretic arm did
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541  not change after both interventions (typically four across all participants). However, improvements
542 in altered motor module composition were observed exclusively in the motor module-guided group
543 (Supplementary Fig. 2). Figure 6 shows two illustrative participants’ pre- and post-training
544  motor module patterns from each group. Before training, the participant with mild motor
545  impairment (P1; pre-training UE-FMA = 49 out of 66) in the motor module-guided training
546  exhibited abnormal co-activation of elbow flexors and shoulder adductor/flexor muscles within
547  the EF motor module (blue pre-training module in Fig. 6A). Also, abnormal coupling of all three
548  deltoid fibers with the pectoralis major was observed within the SF/Ad motor module (orange pre-
549  training module in Fig. 6A). After six weeks of motor module-guided exercise, these abnormal
550  patterns were improved and resembled the targeted modules identified from the non-paretic arm
551  (Fig. 6B), showing a clear shift toward the intended intermuscular coordination targets. Overall,
552 four out of the five participants (P1, P2, P3, and P4) showed changes in intermuscular coordination
553  following motor module-guided training, whereas one non-responder (P5) showed neither changes
554 in motor module composition (Supplementary Fig. 3) nor improvement in the UE-FMA score.

555 In contrast, no participant in the force-guided exercise showed improvement in intermuscular
556  coordination. For instance, the participant (P7) with moderate motor impairment (pre-training UE-
557 FMA =39 out of 66) in the force-guided group showed abnormal activation across multiple motor
558  modules, including 1) atypical isolation of BRD in EF motor module; 2) abnormal co-activation
559  of BB and PEC in the SF/Ad motor module, and altered co-activation of the three deltoid fibers in
560  SE/Ab motor module (blue, orange and purple modules in Fig. 6C, respectively). These abnormal
561  patterns did not change after force-guided exercise, nor did they resemble the reference modules
562 identified from the non-paretic arm (Fig. 6D). The reference module targets in the force-guided

563  group (Fig. 6D) are shown in the figure as a reference only. The reference modules were not used
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564 as a part of the actual training feedback, as the exercise of the active control group relied

565  exclusively on force-guided feedback.
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568 Figure 6. The motor module-guided feedback induced changes in the composition of motor modules in stroke, but force-guided
569 feedback did not. A, Pre- and post- intermuscular coordination patterns after motor module-guided exercise in an illustrative

570 participant (P1; stroke survivor with mild motor impairment). B, Customized targeted motor modules identified from P1’s non-
571 paretic arm used for motor module-guided training. C, Pre- and post- intermuscular coordination after force-guided exercise in
572 an illustrative participant (P7; stroke survivor with moderate motor impairment). D, Customized reference modules, identified
573 from P7’s non-paretic arm, were not used as feedback during force-training. The four identified motor modules are shown (EF,

574 elbow flexor, EE, elbow extensor,; SF/Ad, shoulder flexor/adductor,; and SE/Ab, shoulder extensor/abductor). The eight major UE
575 muscles were. brachioradialis (BRD), biceps brachii (BB), triceps brachii, long (TrLo) and lateral (TrLa) heads, the three fibers
576 of the deltoids (anterior (AD), middle (MD), and posterior (PD)), and the clavicular head of the pectoralis major (PEC).

577 Notably, the results of the two exercises showed that improvement of the altered intermuscular
578  coordination was associated with an increase in standardized clinical scores to assessment motor
579  impairment. A positive correlation was found between the changes in UE-FMA and changes in
580  the average of similarity indices of stroke-affected motor modules per participant (see Methods

581  section “Calculation of Motor Module Similarity”; Fig. 7).
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Figure 7. Correlation between changes in the upper extremity Fugl-Meyer Assessment (UE-FMA) and changes in the altered
intermuscular coordination (motor module) similarity after six weeks of training for both exercises (Spearman correlation, rho =
0.93; * p < 0.01). The regression line was drawn for visualization purposes only.
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Figure 8. Composition of motor modules identified from dynamic motor tasks after the motor module-guided training (A), force-
guided training in stroke (B), and reference (norm) motor modules (mean + SD; n=38) of age-range-matched neurologically intact
individuals from our previous study (C) [15]. The similarity indices (SI) shown next to each motor module indicate the similarity
index between each stroke participant’s motor module and their corresponding norm modules. Values exceeding the dynamic
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594 threshold (0.814) were considered statistically similar (*, p < 0.05). EF, elbow flexor module; EE, elbow extensor module; SF/Ad,
595 shoulder flexor/adductor module; SE/Ab, shoulder extensor/abductor module.

596 During 3D dynamic assessment, three of the four responders exhibited all four motor modules
597  underlying the untrained dynamic reaching task with compositions statistically similar to those of
598  age-range-matched healthy individuals after motor module-guided exercise (Fig. 8), suggesting
599  potential transfer of the restored neuromuscular coordination from the trained isometric condition
600  to the untrained dynamic reaching task. Notably, the non-responder also exhibited motor modules
601  during the dynamic task that were similar to the healthy reference modules. In contrast, following
602  force-guided training, only the mildly impaired participant exhibited all four motor modules
603  similar to the healthy reference, whereas the moderately and severely impaired participants each
604  retained two abnormal motor modules.

605

606  Changes in Kinematics During Dynamic Task Performance

607 The effect of isometric motor module-guided exercise extended beyond improvements in
608  intermuscular coordination of the trained tasks to include enhancements in untrained, movement
609  kinematics. Figure 9A shows that both exercise groups exhibited an increase in kinematic synergy
610  similarity—representing inter-joint coordination during dynamic tasks (point-to-point reaching
611  and drinking)—relative to healthy controls. However, improvements were generally greater after
612  motor module-guided exercise, among participants with mild and moderate impairment. Motor
613  module-guided exercise also facilitated improvements in pairwise joint angle-to-angle correlations
614  during point-to-point reaching (Fig. 9B). The shifts in correlation coefficients (r) toward more
615  healthy patterns in the motor module-guided group were comparable to, or greater than, those
616  observed in the force-guided exercise group. In addition, the non-responder (P5) in the motor

617  module-guided group showed no improvement in inter-joint coordination, aligning with their lack
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618  of improvement in motor impairment (Fig. 9A and 9B). Since the participants with severe
619  impairment could not complete the unsupported dynamic tasks, ARoM of shoulder and elbow
620  flexion was assessed instead of kinematic synergies in three participants with severe impairment
621 (P2, P4, and P8). The motor module-guided exercise group demonstrated greater improvements in
622  ARoM compared to force-guided exercise (Fig. 9C). We observed participant-specific recovery
623  patterns within the motor module-guided group. For example, participant P2 exhibited a
624  substantial increase in shoulder flexion while P4 showed primary improvements in elbow flexion.
625  In contrast, participants with severe impairment in the force-guided group (P8) showed minimal

626  to no change in ARoM for either joint.

A Kinematic synergy B Pairwise angle-to-angle correlation C Range of Motion
g9, Similarity ShAbd -ShFlex ShAbd-EFlex ShFlex-EFlex g0 Severe
P3 1 1 ﬁ 1 P2
15 = - 60
£ C o5 M 05| &=, 0.5 £
' 0 \ / Q ' 40
% 10 B F ofb--A of 0 @3 %
[*] [ \ . (=]
o P1 E \R a 20 P4
| P P6 305 @ -3 |05 -0.5 2 -
I ‘ - 1 P8
0 -1 - a8 0
Mild Moderate Pre Post Pre Post Pre Post Sh Flex EFlex
627 mE MMG MMG non-responder Bl FG
628 Figure 9. The effects of isometric motor module-guided and force-guided human-machine interaction on untrained, dynamic motor
629 task performance in chronic stroke. A, Improvement of inter-joint coordination, reflected in kinematic synergy similarity. B, Joint
630 angle-to-angle correlation. The black solid lines indicate a representative value from a healthy individual. C, The range of motion
631 during shoulder and elbow flexion of the participants who could not complete the dynamic movements in A.
632
633
634  Spontaneous Comments about Improvements in Activities of Daily Life
635 In addition to the quantitative improvements, the four responders in the motor module-guided

636  training group shared spontaneous, qualitative changes in their daily function (Table 2), especially
637  on muscle strength, muscle tone, and range of motion. The participant with mild motor impairment
638  (P1) expressed that she felt her arm was "stronger than before" and reported a major personal

639  milestone: being able to perform a push-up for the first time since her stroke. The participant with
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severe motor impairment (P2) emphasized the sense of relaxation he experienced in his left arm
(the paretic one) after training, which allowed him to sleep in his preferred sleep posture (sleeping
on his left side) again. The participant with moderate motor impairment (P3) described improved
range of motion, enabling him to use both hands to wash his hair. Finally, the other participant
with severe motor impairment (P4) reported improved ability to extend his arm and maintain it in

a lower position during walking.

Table 2. Spontaneous comments were provided by participants over the course of motor module-guided exercise.

Positive comments provided by participants over the
course of motor-module-guided exercise

“| am right-handed, but after my stroke, | learnt to use my left hand to eat. Now,
1 - Mild impairment | eat with my right hand again.”

(right arm affected) “I feel my arm is stronger. | try to exercise at home, and | could finally do a

push-up since my stroke.”

“I feel my arm more relaxed.”
“I couldn’t sleep on my left side due to discomfort before. Now, it is easier to
change positions in the bed, and | can comfortably sleep on both sides.”

P2 - Severe impairment
(left arm affected)

“I was not able to wash my hair with my right arm after my accident, but

_P3 } I_Vlodﬂ yesterday, | used both hands.”

impairment “| dropped my car keys. | tried to pick them up with my right hand. | did it! | was
(right arm affected) not able to reach things on the floor before.”

“l can move my arm down better.”
“While walking holding hands with my wife, she tried to lower my arm, but |
used to pull her arm up. Now | can keep my arm lower when we walk.”

P4 - Severe impairment
(right arm affected)

P5 — Moderate impairment: Participant did not report any spontaneous comment during or after motor-module-guided exercise.

DISCUSSION

The aim of this pilot study was to develop and evaluate whether a novel neuromuscular
coordination-guided intervention could promote recovery of abnormal intermuscular coordination
and reduce motor impairment in chronic stroke survivors with different levels of motor

impairment. A force-guided training condition served as an active control exercise. Traditionally,
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654  the concept of motor modules has primarily been used to characterize neuromuscular coordination
655  deficits following stroke, with limited translation into a therapeutic framework. In this study, motor
656  module analysis was translated into a novel rehabilitation strategy design through the
657  implementation of a personalized, motor module-guided training protocol. Three principal
658  findings emerged. First, abnormal intermuscular coordination of the upper extremity was amenable
659  to improvement through this innovative human-machine interaction in chronic stroke survivors.
660  Second, four out of five stroke survivors who participated in the motor module-guided training
661  showed a significant improvement in clinical scores that indicated reduction in motor impairment.
662  Third, the results suggest potential transfer of training-related benefits from the practiced isometric
663  task to untrained dynamic motor tasks, supporting the premise that neuromuscular-coordination-

664  based rehabilitation may generalize positive effects beyond the specific training context.

665  Effects of Motor Module-Guided Training on Neuromuscular Coordination and Motor

666  Impairment

667 A well-documented consequence following stroke is the development of abnormal
668  stereotypical movement patterns, impaired intermuscular coordination, and loss of independent
669  joint control, whereby voluntary activation of muscles at one joint elicits involuntary activation at
670  adjacent joints[5], [11], [58], [59]. One common example of this phenomenon is the clinical
671  flexion synergy, in which increasing shoulder abductor activation drives progressive, involuntary
672  activation of elbow, wrist, and finger flexion [22]. Accumulating evidence indicates that these
673  stereotypical multi-joint coupling patterns might involve multifactorial changes, including the
674  corticospinal tract damage, upregulation of brainstem pathways (particularly the medial
675  reticulospinal tract, and potentially the vestibulospinal tract), and maladaptive spinal network

676  plasticity [22], [25], [58]. Following corticospinal tract damage, increased reliance on the
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677  reticulospinal projections — which are anatomically diffuse and cannot produce discrete, joint-
678  specific movements — likely results in atypical co-activation across multiple joints rather than
679  selective single-joint control [5]. These findings provide a clear rationale for developing novel
680  rehabilitation that aims at directly targeting abnormal neuromuscular coordination, rather than
681  impaired movements alone, to reduce motor impairment and improve individual joint control after
682  stroke.

683 Previous studies have documented alterations in neuromuscular coordination characteristics
684  (e.g., motor module composition) after stroke across varying biomechanical conditions [11]. For
685  instance, under isometric force generation conditions, stroke induces abnormal coactivation of the
686  three deltoid fibers within the shoulder abductor/extensor motor module, with the prevalence of
687  this alteration increasing as motor impairment severity increases [13]. Furthermore, abnormal
688  coactivation between elbow flexors and shoulder adductors/flexors has been found, particularly in
689  severely impaired stroke survivors, not only under isometric force generation conditions but also
690  during dynamic reaching [15]. Another study investigating functional dynamic conditions (i.e.,
691  hand-to-mouth and reaching movements) found that merging was the most common abnormal
692  motor module pattern, particularly in moderately impaired stroke survivors [20]. Collectively,
693  these findings underscore the clinical need for rehabilitation strategies capable of directly
694  addressing the reorganization of multiple synergistic muscle groups after stroke.

695 To our knowledge, the current study is the first to provide evidence that a non-invasive, closed-
696  loop motor module-guided human-machine interaction paradigm can retrain intermuscular
697  coordination patterns toward healthy ones. This finding is notable because previous EMG-guided
698  rehabilitation paradigms have primarily focused on biofeedback from individual muscles or a

699  small number of muscle pairs to improve selective muscle activation and reduce abnormal co-
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700  activation [34], [35], [36], [37], [38], [39], [60]. Although these approaches have demonstrated
701  improvements in task performance and muscle activation, direct evidence of reshaping multi-
702 muscle motor module composition toward healthy patterns has remained limited [11]. In addition,
703 a major limitation of traditional EMG-guided approaches is that reported improvements have
704  primarily been demonstrated in the short term, while evidence supporting long-term (e.g., more
705  than a month) benefit remains limited [33]. Recently, motor module-guided rehabilitation
706  strategies have emerged. These approaches can be broadly divided into two categories:
707  interventions that use motor modules to generate stimulation patterns passively delivered to stroke
708  survivors, such as synergy-based functional electrical stimulation (FES) [41], and interventions
709  that provide motor modules as real-time biofeedback, requiring participants to actively modulate
710  their neuromuscular coordination. Synergy-based FES studies have reported shifts toward
711 healthier motor module composition together with functional improvements [40], [41], [42].
712 However, synergy-based FES relies on externally generated coordination patterns, with
713 participants having limited control over the formation of the stimulation-induced motor modules.
714 Thus, the extent to which the observed shifts in motor module composition reflect transient
715 biomechanical entrainment or endogenous neural reorganization of the motor control architecture
716  remains unclear. In addition, further investigation is needed to determine the long-term retention
717 and transferability of these adaptations to untrained tasks. In contrast, our motor module-guided
718 biofeedback paradigm required participants to volitionally activate and enhance control of each
719  motor module throughout training. By requiring participants to actively modulate their
720  neuromuscular coordination, this approach might directly engage the CNS in reorganizing its
721 modular control architecture, potentially promoting endogenous neuroplastic changes that could

722 be more durable and transferable than those achieved through externally imposed stimulation
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723 patterns. The present findings therefore support the feasibility of using motor module-guided
724 biofeedback to directly retrain impaired neuromuscular coordination after stroke.

725 The motor module—guided training paradigm developed in this study was specifically
726  designed to train desired intermuscular coordination and enhance individual joint control to reduce
727  motor impairment. Accordingly, four motor module targets were designed to train stroke survivors
728  to independently control synergistic muscle groups (i.e., elbow flexors, elbow extensors, shoulder
729 extensors/adductors, and shoulder flexors/abductors) one at a time and suppress the activation of
730 three others. We designed the targeted motor modules based on patterns observed in neurologically
731  intact individuals [13], [15], [31], [45] and customized them using each participant’s non-paretic
732 arm. By requiring participants to selectively activate a single synergistic muscle group (e.g., elbow
733 flexors) while simultaneously minimizing activation of all other muscle groups — including the
734  antagonist at the same joint (e.g., elbow extensors) and muscles acting at adjacent joints (e.g.,
735 shoulder muscles) — the training inherently demanded independent control of joint-specific
736  muscle groups (Fig. 2). Successful target matching therefore required participants to decouple the
737  stereotypical multi-joint co-activation patterns that characterize post-stroke motor impairment.
738 Thus, the increase in the number of matched targets observed after six weeks of motor module—
739 guided training (Fig. 4) suggests that participants progressively enhanced the ability to isolate and
740  independently recruit the four targeted synergistic muscle groups, reflecting an improvement in
741  joint-specific motor control. This interpretation is consistent with the paradigm design, in which
742 co-activation of antagonistic motor modules within the same joint canceled cursor movement (Fig.
743 2C), and co-activation across joints moved the cursor away from the intended target (Fig. 2D),
744 thereby reinforcing selective, individualized joint control throughout the training process. Notably,

745  the specific motor module targets that proved most challenging varied across participants, with no
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746 single target consistently emerging as the most difficult in the last week of training (Fig. 4). This
747  variability in target difficulty across post-stroke participants likely reflects individual differences
748  in the pattern of neuromuscular coordination impairment after stroke, as well as potential
749  variability in performance across stroke survivors. This observation suggests that training
750  protocols designed around each participant's own non-paretic arm coordination may more
751  effectively address their specific deficits than a one-size-fits-all rehabilitation approach.

752 Alteration in motor module composition after stroke has been consistently associated with the
753 severity of motor impairment [11], which decreases the ability to perform activities of daily living.
754 For instance, the severity of motor impairment has been shown to correlate negatively with the
755  similarity of post-stroke muscle synergies relative to those of neurologically intact individuals
756  [11], and the prevalence of abnormal motor module patterns tends to increase with greater
757  impairment severity [13], [45]. In the present study, improvements in neuromuscular coordination
758  were accompanied by increases in the UE-FMA score (Fig. 8), suggesting that shifting stroke-
759  induced intermuscular coordination toward patterns observed in healthy individuals may
760  contribute to reductions in motor impairment. Four out of the five participants exceeded the
761  minimal clinically important difference (= 4 points [57]) after the motor module-guided training,
762 with an average improvement of 9.25 points. Notably, these positive effects were typically
763  maintained at 1- and 3-month follow-ups, indicating potential long-term retention of motor gains
764  associated with the motor module-guided protocol (Fig. 5). Although confirmation in a larger
765  study is required, these findings provide preliminary evidence that motor module-guided
766  biofeedback may promote longer-lasting benefits than those currently reported for conventional
767  EMG-guided rehabilitation approaches. In comparison, no participant in the active control group

768  showed clinically meaningful improvement in UE-FMA following the six-week force-guided
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769  exercise, suggesting that force generation alone may be insufficient to drive comparable reductions
770  in motor impairment. Interestingly, following motor module-guided training, the ARAT
771  improvements were primarily observed in participants with moderate levels of motor impairment
772 (Supplementary Fig. 1), suggesting that individuals within this impairment range may have
773 sufficient residual motor capacity to benefit from neuromuscular coordination retraining while still
774  exhibiting room for functional improvement. In contrast, the absence of ARAT changes in
775  participants with milder or more severe impairment may be partially related to potential ceiling
776  and floor effects [61], [62], respectively. However, given the limited sample size, future studies
777  with larger cohorts are required to determine whether baseline impairment severity influences
778  responsiveness to motor module-guided training and how restoration of neuromuscular
779 coordination contributes to improvements in functional upper extremity movements. Overall, the
780  converging evidence from previous studies and the present results supports the premise that motor
781  module analysis can serve as a valuable tool for both assessing neuromuscular coordination and

782  informing the design of novel rehabilitation strategies to reduce motor impairment after stroke.

783 Motor Learning Transferability

784 One of the main goals of stroke rehabilitation is to induce favorable neuroplastic changes that
785  enhance motor function; consequently, promoting the transferability of training gains beyond the
786  practiced task is fundamental to effective intervention. Nevertheless, previous studies have shown
787  that task-specific training improves performance in practiced tasks, whereas the improvement in
788 the untrained task was not as significant [63], [64]. In addition, improvements in motor capacity
789  do not automatically translate into improved functional movement in activities of daily living [65].
790  For these reasons, targeting fundamental bases of neuromuscular control (e.g., motor module

791  characteristics) instead of focusing on the resultant symptoms (e.g., impaired functional
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792  movement) may facilitate the transfer of benefits from trained tasks to untrained tasks. In this pilot
793 study, evidence of such transferability was observed in the motor module-guided training group.
794  First, despite both exercises being performed under isometric conditions, the motor-module-
795  guided training group showed greater improvements in kinematic synergy similarity during
796  dynamic movements in participants with mild-to-moderate impairment (Fig. 8A). In addition, its
797  significant association with motor module similarity suggests that improvements in intermuscular
798  coordination under isometric conditions can positively influence joint coordination during
799  dynamic movements (Supplementary Fig. 4A). The concurrent validity of the kinematic synergy
800  similarity measure was further supported by a significant, monotonic relationship with the clinical
801  score (Supplementary Fig. 4B). Second, pairwise angle-to-angle coordination during point-to-
802  point reaching revealed similar or greater improvement in mildly and moderately impaired
803  participants after motor module-guided exercise compared with force-guided exercise (Fig. 8B).
804  This may suggest that motor module-guided exercise helps achieve targeted reaching movement
805  through promoting true recovery in terms of joint coordination, rather than through compensatory
806  movements. Third, both severely impaired participants after motor module-guided exercise
807  showed much greater improvement in range of motion P2 in shoulder flexion and P4 in elbow
808  flexion compared with the severely impaired participant (P8) in the force-guided exercise (Fig.
809  8C). These findings suggest that while the motor-module guided exercise is effective for severe
810  cases, the specific joint recovery may vary by individual. Fourth, following motor module-guided
811  exercise, intermuscular coordination patterns identified from a 3-D dynamic point-to-point
812  reaching task resembled those identified in healthy individuals (Fig. 9A), suggesting that
813  improvements in intermuscular coordination achieved under isometric conditions may generalize

814  to dynamic tasks, even in participants with moderate and severe impairment. This finding is
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815  compatible with our previous studies, which showed that the composition of muscle synergies is
816  largely conserved across isometric and dynamic conditions in both neurologically intact
817  individuals [31] and chronic stroke survivors [15]. Lastly, the spontaneous comments of
818  participants suggest that motor module-guided training may translate into meaningful functional
819  gains not fully captured by standard clinical measures (Table 2). Improvements in perceived
820  strength, relaxation, and bilateral coordination indicate potential benefits in both motor control and
821  quality of life. Additionally, regaining the ability to perform everyday tasks highlights the potential
822 value of targeting intermuscular coordination to support functional recovery after stroke. Overall,
823 these results support the premise that transferability of training effects may be achieved when
824  targeting underlying pathophysiological mechanisms (i.e., abnormal intermuscular coordination)

825  rather than task-specific deficits.

826  Biomechanical Considerations and Future Direction

827 An important aspect of any rehabilitation strategy is the selection of the biomechanical context
828  in which assessments and interventions are delivered. In this study, the motor module-guided
829  paradigm was implemented under isometric conditions for several reasons. First, stroke survivors
830  with severe impairment often are unable to perform goal-directed dynamic reaching movements;
831  however, they still could generate isometric forces in some 3D directions [13], [15], showing that
832  isometric exercises are more accessible than movement conditions. Second, stroke induces
833  alterations in motor module composition underlying isometric conditions [13], [15], [45],
834  suggesting that this biomechanical context could provide a relevant framework for targeting
835  abnormal neuromuscular coordination. Third, our previous study showed that chronic stroke
836  survivors, even with severe motor impairment, were able to increase the repertoire of intermuscular

837  coordination patterns after six weeks of isometric exercise, showing evidence that motor module
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838  composition can be modulated through this biomechanical condition [66]. Fourth, in our previous
839  assessment studies, we showed evidence of neuromuscular coordination patterns shared between
840  isometric force generation and dynamic reaching conditions in healthy individuals [31] and
841  chronic stroke survivors [15]. These studies suggest that modulating motor module composition
842  in a training task (e.g., isometric) could transfer the benefits to untrained tasks (e.g., dynamic
843  reaching).

844 Improvements in motor impairment associated with enhanced neuromuscular coordination
845  after the motor module-guided exercise under isometric conditions raise an important question:
846 Do the changes in motor module composition reflect a learned ability to individually activate
847  synergistic groups of muscles, or are they primarily the result of repetitive isometric force
848  production in specific directions (i.e., motor module preferred directions [MMPD])? Accordingly,
849  a force-guided exercise was designed as active control training to account for this potential
850  confounding factor in our study. Both interventions (i.e., motor module-guided and force-guided
851  exercises) shared critical factors, such as four training targets, 18 training sessions within six
852 weeks, and arm position during training. However, neuromuscular coordination training and force
853  training differ in two main characteristics: 1) the control signals (EMG from eight UE muscles and
854 3D isometric forces measured at the hand, respectively); and 2) the four target setups (synergistic
855  muscle targets and force targets). Thus, the experimental design was intended to distinguish the
856  effects of neuromuscular coordination training from those of repeated force production without
857  muscle coordination feedback. In the control group, participants showed an increase in the number
858  of matched targets after six weeks of force-guided training (Fig. 4), demonstrating improvement
859  in training task performance, particularly in the ability to accurately generate and stabilize

860  isometric force magnitude in the four directions (i.e., MMPDs). Notably, only the participants in
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861  the control group exhibited a reduction in the number of peaks during the 3D unbiased isometric
862  assessment (Supplementary Fig. 5), suggesting enhanced force control following force-guided
863  training, but not observed in the motor module-guided group. Additionally, following the force-
864  guided training, two out of three participants improved their ARAT score by 3 points
865  (Supplementary Fig. 1). However, in the control group, no participant showed improvement in
866  intermuscular coordination patterns or clinically meaningful improvement in UE-FMA. Overall,
867  these findings suggest that although force-guided training may contribute to improvements in force
868  control, task performance and upper extremity function, practicing force generation in the four
869  MMPDs alone may be insufficient to modulate motor module composition and reduce motor
870  impairment.

871 Within the broader framework of EMG biofeedback in neurorehabilitation, interventions can
872 be conceptually divided into motor module-guided approaches — which target multi-muscle
873  coordination patterns — and non-motor-module methods, which typically provide biofeedback
874  based on the amplitude of individual muscles or a small number of muscle pairs [34], [35], [67].
875  Viewed through this framework, a potentially more closely matched active comparator for the
876  motor module-guided training would be an EMG amplitude-guided rehabilitation paradigm. In
877  such a design, participants would receive biofeedback based on the EMG amplitude of the muscles
878  within a single targeted synergistic group (e.g., elbow flexors), requiring activation of that group
879  to match a target, but without providing information about the activity of muscles belonging to
880  other motor modules. This approach would offer several advantages over the force-guided control
881  used in the present study. Most notably, both the motor module-guided and the EMG amplitude-
882  guided paradigms would share the same control signal type (i.e., EMG), the same sensor

883  placement, and a comparable human-machine interaction experience, thereby minimizing

42


https://doi.org/10.64898/2026.09.09.26362476

medRxiv preprint doi: https://doi.org/10.64898/2026.09.09.26362476; this version posted September 13, 2026. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

884  confounding differences inherent to comparing fundamentally different task modalities (i.e.,
885  EMG-based versus force-based control). The primary limitation of the force-guided control is that
886  the two interventions are inherently different tasks — one driven by neuromuscular signals and
887  the other by mechanical output — making it difficult to determine whether the observed benefits
888  of the motor module-guided training arise specifically from the coordination-based feedback or
889  from broader differences in task demands and sensorimotor engagement. An EMG amplitude-
890  guided comparator might more precisely isolate the contribution of multi-muscle coordination
891  feedback by controlling for the use of EMG-based biofeedback itself. However, given the pilot
892  nature of the present study, the force-guided control was selected to investigate whether targeting
893  intermuscular coordination patterns produces benefits beyond those attributable to repetitive
894  isometric force generation without learning desired muscle coordination. Future adequately
895  powered studies can incorporate an EMG amplitude-guided comparator to more precisely
896  delineate the added value of neuromuscular coordination-guided feedback.

897 We observed that one participant (P5) was a non-responder whose UE-FMA score did not
898  improve after the motor module-guided exercise in this pilot study. Interestingly, this participant
899  exhibited pre-training intermuscular coordination patterns in the paretic arm that closely resembled
900  those of healthy individuals (Supplementary Fig. 3). While the sample size of this study is small,
901  this non-responder case provides preliminary insight into who may benefit the most from this
902 intervention. Specifically, stroke survivors with relatively preserved neuromuscular coordination
903  at baseline may have limited capacity for further improvement through this motor module-guided
904  paradigm. Although these observations are exploratory and not part of the primary findings, they

905  suggest that baseline neuromuscular organization may influence responsiveness to this type of
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906  exercise. This consideration may inform future refinement of inclusion and exclusion criteria and
907  support more targeted application of motor module-guided rehabilitation strategies.

908 Finally, the present study also suggests that further refinement of the motor module-guided
909  training protocol may be beneficial, particularly for stroke survivors with severe motor
910  impairment. In one participant (P2; baseline FMA-UE = 6 out of 66), the initial training difficulty
911  exceeded the participant's ability to successfully interact with the paradigm, requiring adjustment
912  of the training parameters and an extended training period. Following these modifications,
913  continued improvements in motor impairment were observed, suggesting that individuals with
914  more severe impairment may benefit from personalized progression of training difficulty and
915  longer intervention durations. Indeed, systematically matching task difficulty to patient ability has
916  been shown to improve upper extremity motor function after stroke, reinforcing the importance of
917  calibrating training demands to the individual's current capacity [68]. Future studies are needed to
918  systematically optimize motor module-guided training parameters and progression strategies
919  according to individual patient characteristics (e.g., baseline motor impairment and chronicity of

920  stroke).

921 Limitations

922 There are several limitations in this pilot study. First, the number of participants is relatively
923  small; consequently, while our preliminary results showed the feasibility of restoring
924  intermuscular coordination patterns to reduce motor impairment, a larger sample is necessary to
925  validate these results. In addition, no consistent changes in the activation profiles across
926  participants were found, likely due to the small sample size and the differences in the level of
927  motor impairment. Second, the training protocols did not incorporate gamification or adaptive

928  difficulty. Although improvement in motor impairment was observed, the lack of motivational
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929  features may limit engagement and adherence. Future studies could gamify and adjust the level of
930  difficulty to increase participant engagement during exercise performance, particularly in less-
931  supervised settings such as home-based rehabilitation. Third, we showed evidence that in the motor
932 module-guided group, post-training intermuscular coordination underlying dynamic conditions
933  resembles the one identified in healthy individuals. However, pre-training motor modules during
934  dynamic conditions from the same individuals were not collected in this pilot study, limiting the
935  ability to quantify the changes in neuromuscular coordination during dynamic reaching induced
936 by the motor module-guided isometric exercise. Fourth, potential transferability to other UE
937  segments was not tested, even though it is feasible (Fig. SC). For instance, future studies could
938  investigate how modulating motor modules in proximal joints (e.g., shoulder and elbow) could
939  benefit more distal joints (e.g., wrist and fingers) [69], [70] by assessing motor function (e.g.,
940  ARAT or Wolf Motor Functional Test) or identifying hand neuromuscular coordination across
941  various biomechanical conditions.

942 Implications for Neurorehabilitation

943 This pilot study provides important implications for neurorehabilitation. First, retraining
944  desired neuromuscular coordination patterns through a non-invasive human-machine interaction
945  is feasible in chronic stroke. Second, improvements in motor module composition are correlated
946  with a reduction of motor impairment, providing a new framework for rehabilitation. Third,
947  isometric rehabilitation interventions could be used as an alternative effective rehabilitation
948  strategy to improve motor function, even in severely impaired stroke survivors. Fourth, our
949  preliminary evidence of transfer across biomechanical conditions suggests that improvements in
950  intermuscular coordination achieved through isometric exercise may generalize to functional

951  dynamic reaching. Future directions of this work include: 1) increasing the sample size to conclude
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952 it as a full study; 2) translating this rehabilitation protocol to home therapy; 3) investigating
953  whether a similar intervention could improve neuromuscular coordination in the lower extremity
954  or hand.
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