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Editorial on the Research Topic
 Cognitive strategies in motor learning and rehabilitation





Aims and context

Recent experimental evidence shows the motor system has evolved beyond its role as a simple executor of movement. Increasingly, it is viewed as an active participant in the perceptual-cognitive processes relating to action observation (AO), action understanding, motor imagery (MI), and verbal or symbolic representations of movement. This broader framework has led to the conceptualization of action re-enactment. This refers to the internal activation of motor-related neural structures in the absence of overt movement.

This Research Topic aims at providing a state-of-the-art overview of how cognitive strategies, such as AO and MI, are being deployed to understand and enhance motor performance across diverse populations. The contributions presented here span clinical and non-clinical domains, integrating theoretical, empirical, and applied perspectives. Methodologies range from neuroimaging and behavioral studies to systematic reviews, meta analyses, and intervention protocols. Collectively, these studies underscore the versatility of cognitive-motor strategies and their potential for improving functional outcomes, from skill acquisition to neurorehabilitation.

Based on studies examining both the neurophysiological mechanisms that support cognitive-motor functions and their practical applications in training and therapy, the present collection of articles investigates how action re-enactment can support motor competence, whether in healthy individuals acquiring new skills or in patients recovering lost abilities due to neurological or developmental conditions. Several of these papers explore the integration of these strategies with other modalities, such as motivation-enhancing rewards or traditional physical therapies. This includes randomized controlled trials, pilot studies, systematic reviews, meta analyses, and experimental neuroimaging. Importantly, the research touches on multiple life stages, from children with neurodevelopmental disorders to older adults with degenerative conditions, offering a broad view of how cognitive strategies adapt across contexts.



Thematic contributions


Motor learning in non-clinical contexts

While much of the research on cognitive motor strategies is clinical, cognitive motor strategies are increasingly recognized for their role in enhancing skill acquisition in healthy individuals, offering insights into the broader educational and training potential of action re-enactment. Paolini et al. explore this with a novel study on musical skill acquisition. They demonstrate that action observation training (AOT), in which learners observe expert motor actions, can enhance both the accuracy and expressiveness of musical performance in novices. This study broadens the conceptual and applied horizons of AOT, showing its value for fine motor learning in everyday and educational settings.



Cognitive strategies in stroke rehabilitation

Stroke rehabilitation remains a critical focus for cognitive motor research, where advances in mental simulation techniques and neuroimaging are reshaping how we understand and promote recovery.

Stroke rehabilitation remains a critical application for cognitive strategies. In a robust meta-analysis, Lin et al. evaluate the efficacy of combining action observation and motor imagery (AO + MI) to enhance upper-limb function post-stroke. Their findings reveal consistent and moderate-to-large improvements across randomized controlled trials, positioning AO + MI as a advantageous adjunct to conventional therapy.

Azri et al. complement this with a systematic review of task-based fMRI studies. They reveal how stroke survivors exhibit altered activation patterns, such as compensatory hyperactivation, and demonstrate that these patterns correlate with functional recovery, highlighting the potential of neuroimaging to track and guide rehabilitation.

Finally, Zhao et al. introduce an innovative protocol to assess the impact of reward-based strategies on stroke recovery. Their randomized controlled trial compares fixed vs. probabilistic rewards in motor training, aiming to optimize patient motivation and learning through reinforcement mechanisms.



Cognitive strategies and pediatric motor impairments

In pediatric populations with neurodevelopmental disorders, understanding the interplay between brain structure and motor cognition is essential for designing age-appropriate and condition-specific interventions.

Understanding motor impairments in neurodevelopmental disorders is a growing area of interest. Martinie et al. investigate feedforward control in children with cerebral palsy (CP), showing that deficits are linked to disrupted white matter tracts, particularly those involved in motor planning. Their results suggest that motor impairments in CP are not solely due to execution deficits but involve broader sensorimotor integration.

Galli et al. provide compelling evidence that children with autism spectrum disorder (ASD) can perform MI tasks comparably to their typically developing peers. These findings challenge strict interpretations of the Broken Mirror Hypothesis and support the feasibility of incorporating MI into therapeutic approaches for ASD.

Ron Baum et al. focus on attention deficit hyperactivity disorder (ADHD), arguing that impairments in motor planning and timing may stem from disruptions in internal motor representations. They advocate for MI as a targeted cognitive intervention to support motor function in affected children.



Cognitive-motor interventions in aging and neurodegeneration

Older adults and individuals with long-term physical impairments represent a growing target population for innovative action-based therapies that support both functional independence and quality of life.

Martin-Blazquez et al. present a randomized controlled study showing that AOT improves not only motor function but also cognitive outcomes in older adults with mild cognitive impairment (MCI). The intervention enhanced activities of daily living, balance, and cognition, regardless of whether the actions were observed from a therapist or peer.

Joung et al. contribute a pilot study evaluating an adapted dance program for adults with CP. Their findings show improvements in gait parameters and highlight the emotional and physical satisfaction expressed by participants. This points to dance, and possibly other embodied movement therapies, as a promising, enjoyable intervention for adult CP populations.



Complementary and integrative therapies in neurodegeneration

Li et al. propose a protocol to evaluate the safety and efficacy of traditional Chinese therapies in treating amyotrophic lateral sclerosis (ALS). Though still at the planning stage, this work signals a movement toward integrating culturally diverse, multimodal interventions within the framework of cognitive-motor rehabilitation.




Conclusions and future directions

The contributions in this Research Topic reveal the remarkable adaptability and effectiveness of cognitive strategies across contexts, from clinical rehabilitation to motor learning. They highlight the mechanisms by which action re-enactment facilitates motor recovery and skill acquisition, and they point toward promising future directions. These include integrating motivational frameworks, exploring home-based and technology-assisted interventions, and advancing standardized methods for cognitive-motor training.

To synthesize the translational pathways highlighted across this Research Topic, we introduce a conceptual “Translational Roadmap from Action Re-Enactment to Impact” (Figure 1). This framework illustrates how neural mechanisms underlying action re-enactment support cognitive strategies such as AO, MI, and AO + MI, which can be implemented through clinic-based and home-based interventions. Motivation, reward, and standardized dosing modulate their effectiveness, driving measurable motor outcomes. The roadmap is framed by principles of equity, rigor, and reproducibility to guide future research and practice toward inclusive and evidence-based translation.


[image: Flowchart illustrating a framework for motor outcomes. It includes three main sections: Action Re-enactment, Neural Mechanisms, and Delivery. Action Re-enactment involves internal activation during observation. Neural Mechanisms involve shared motor networks and strategies like Action Observation and Motor Imagery. Delivery involves interventions in clinics or homes. The overarching themes are equity, reach, rigor, and reproducibility, with outcome goals of motor recovery, cognitive enhancement, and skill acquisition.]
FIGURE 1
 Translational roadmap from action re-enactment to impact. This conceptual framework integrates the key themes of the Research Topic. Action re-enactment provides the foundation for cognitive strategies, Action Observation (AO), Motor Imagery (MI), and their combination (AO + MI), supported by shared neural mechanisms. These strategies translate into applied interventions delivered both in clinical and home-based contexts, increasingly supported by technology. Motivation, reward, and standardized dosing shape their effectiveness, leading to enhanced motor and learning outcomes. Equity and reporting standards flank the translational pipeline, ensuring reach, rigor, and reproducibility across research and practice.


Future research should continue to clarify the neural substrates of action re-enactment, test combinations of interventions (e.g., AO + MI with reward), and extend findings to underserved populations. As this Research Topic illustrates, cognitive strategies grounded in the motor system offer a compelling, scalable path forward for both neuroscience and rehabilitation.



Author contributions

DE: Conceptualization, Writing – review & editing, Writing – original draft. CC: Writing – original draft, Writing – review & editing. AD: Writing – review & editing, Writing – original draft. GB: Writing – original draft, Conceptualization, Writing – review & editing.



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.



Generative AI statement

The author(s) declare that Gen AI was used in the creation of this manuscript. Generative AI was used in the preparation of this manuscript to help organise the papers included in this Research Topic into coherent themes.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



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.

Copyright
 © 2025 Eaves, Costantino, Demeco and Buccino. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









 


	
	
BRIEF RESEARCH REPORT
published: 30 May 2024
doi: 10.3389/fneur.2024.1383053








[image: image2]

The importance of observing the master’s hand: Action Observation Training promotes the acquisition of new musical skills

Simone Paolini1,2, Maria Chiara Bazzini2, Laura Ferrari2,3, Antonino Errante1,4, Leonardo Fogassi1, Giacomo Rizzolatti1,2, Maddalena Fabbri-Destro2, Pietro Avanzini2 and Arturo Nuara1*


1Dipartimento di Medicina e Chirurgia, Università di Parma, Parma, Italy

2Consiglio Nazionale Delle Ricerche, Istituto di Neuroscienze, Parma, Italy

3School of Advanced Studies, Center for Neuroscience, Università di Camerino, Camerino, Italy

4Dipartimento Diagnostico, Unità di Neuroradiologia, Azienda Ospedaliero-Universitaria di Parma, Parma, Italy

Edited by
 Giovanni Buccino, San Raffaele Hospital (IRCCS), Italy

Reviewed by
 Naoyuki Takeuchi, Akita University, Japan
 Eros Quarta, Sapienza University of Rome, Italy
 Stefan Vogt, Lancaster University, United Kingdom

*Correspondence
 Arturo Nuara, arturo.nuara@unipr.it 

Received 06 February 2024
 Accepted 15 May 2024
 Published 30 May 2024

Citation
 Paolini S, Bazzini MC, Ferrari L, Errante A, Fogassi L, Rizzolatti G, Fabbri-Destro M, Avanzini P and Nuara A (2024) The importance of observing the master’s hand: Action Observation Training promotes the acquisition of new musical skills. Front. Neurol. 15:1383053. doi: 10.3389/fneur.2024.1383053
 




Introduction: Via mirror mechanism, motor training approaches based on the alternation of action observation and execution (i.e., Action Observation Training-AOT) promote the acquisition of motor abilities. Previous studies showed that both visual and auditory stimuli may elicit a common motor representation of music-related gestures; however, the potentialities of AOT for the acquisition of musical skills are still underexplored.
Methods: Twenty-one music-naïve participants underwent two blocks of training: AOT and Key-light Observation Training (KOT). AOT consisted of the observation of a melodic sequence played on a keyboard with the right hand by an expert model, followed by participant’s imitation. Observation and execution were repeated six consecutive times (T1–T6). KOT followed the same procedure, except for the visual content of the stimulus, depicting the sequential highlighting of the piano keys corresponding to the melody. The rate of correct notes (C), the trainee-model similarity of key-pressure strength (S), and the trainee-model consistency of note duration (R) were collected across T1–T6.
Results: Both AOT and KOT improved musical performance. Noteworthy, AOT showed a higher learning magnitude relative to KOT in terms of C and S.
Discussion: Action Observation Training promotes the acquisition of key elements of melodic sequences, encompassing not only the accurate sequencing of notes but also their expressive characteristics, such as key-pressure dynamics. The convergence of listening and observation of actions onto a shared motor representation not only explains several pedagogical approaches applied in all musical cultures worldwide, but also enhances the potential efficacy of current procedures for music training.

Keywords
 mirror mechanism; motor learning; motor similarity; musical training; music pedagogy


1 Introduction

The proficiency of musical performance largely depends on the fine concertation between the cortical and subcortical structures subserving the movement coordination in space and time (1). Some of these brain centers–especially those within frontal and parietal cortices–may also be active when no overt action is intended. This is the case of action observation (2), which is known to evoke the motor representation of the observed action in the perceiver’s motor system. Such motor resonance, termed mirror mechanism (3, 4), largely relies on the motor capacities of the observer, with actions belonging to the observer’s motor repertoire determining a stronger mirror response (5, 6). Interestingly, such dependency between the individual motor competencies and the mirror responsiveness seems reversed when moving from passive action observation to observation for later imitation. In this case, brain areas endowed with mirror properties are more activated for novel than familiar actions (7, 8).

Beyond its exquisite neurophysiological value, the mirror mechanism constitutes the theoretical ground prompting the development of a wide range of practices based on the systematic observation of actions followed by their immediate reproduction (Action Observation Training - AOT) (9, 10). In the design of the AOT interventions, motor imagery is often used as an intermediate stage connecting the initial action observation with the ultimate execution. This approach follows the organizational principle of AOT, i.e., the idea that observation provides an exogenous input to the motor system, and imagery makes subjects endogenously rehearse that program without the constraints of their peripheral capacities, with their chaining setting the ideal premises for better execution (10). AOT has proven effective in tuning existing motor competencies in fields requiring precise motor control, such as sports, and promoting the recovery of motor abilities in many clinical conditions (9–11). However, systematic and controlled evidence of the AOT efficacy in promoting musical learning is still lacking.

Despite this lack of knowledge, several traditional musical training methods vastly relied on the coupling between the observation of music gestures and their corresponding execution. Exemplar is the case of the first stages of instrumental training, where pupils are requested to observe and then imitate the master’s hand movements to shape a proper manual posture (12). Such an imitative scaffold is even more emphasized in ancient musical traditions such as Hindustani musical system, where music is mostly orally transmitted from masters to pupils (10, 13), as well as in training methods like Suzuki’s, in which the preliminary stage of learning is named “minarai kikan” [literally “period of learning by watching” (10, 13–15)].

Given these premises, we designed a behavioral study to demonstrate the efficacy of AOT in promoting the learning of a musical piece at the piano. In such a context, trainees are required to achieve three main outcomes: (1) correctly chain a determined sequence of keys (i.e., the proper note sequencing), (2) convey proper sound dynamics (from piano to forte), and (3) hold each note for a proper time duration, i.e., to get rhythm. Given such a multifaceted nature of musical execution, an open point remains on which components of the musical performance take more advantage of AOT.

To tackle these issues, 21 music-naïve participants underwent piano-playing training sessions based alternatively on AOT or the simple melodic reproduction instructed by visual cues. Melodies were performed on a MIDI musical keyboard, allowing the tracking of several parameters over time, including the sequence, strength, and timing of the pressed keys. We expected that observing the master’s hand would provide an add-on stimulation of the motor system via mirror mechanism and boost the musical learning outcome. If this is the case, our study will open to the incorporation of AOT in music pedagogy as an “extra weapon,” capable not only of ameliorating the appraisal of melodic sequences but also of transferring from the model (master) to the observer (pupil) the dynamics of the motor performance that holds the colors of music.



2 Methods


2.1 Participants

Twenty-one music-naive, right-handed [Edinburgh Handedness Inventory (16)] healthy participants (mean age 28 ± 6, 11 males) were enrolled. No subject had ever practiced music with any musical instrument, either at an amateur or professional level. The local ethics committee approved the study (Comitato Etico dell’Area Vasta Emilia Nord, n. 10,084, 12.03.2018), which was conducted according to the principles of the Declaration of Helsinki. The participants provided their written informed consent.



2.2 Experimental design

Each participant underwent two consecutive training blocks (randomized order): Action Observation Training (AOT) and Key-Light Observation Training (KOT), as depicted in Figure 1. AOT was based on the observation of a video clip depicting, from an egocentric perspective, a pianist playing with the right hand a piece of music (see Supplementary Videos 1, 2). The piano keys corresponding to the melody where highlighted during the video. The “first-person” perspective was chosen since it is more informative about the played keys, when compared with a frontal/lateral allocentric view, as well as for its acknowledged capacity to induce a higher reactivity of fronto-parietal circuits during action observation (17–19). Immediately following observation, participants were asked to execute the same melody. The KOT procedures were identical, except for: (1) the visual content of the stimulus, here depicting only the sequential highlighting of the piano keys corresponding to the melody, (2) the administration of a different melody to practice. Observation and execution were repeated six consecutive times (T1–T6) for each training. Within training sessions, real-time auditory feedback was delivered, including the specific tones corresponding to each key press (i.e., the pitch) and the dynamic range of the sound (i.e., the intensity of sound). The inclusion of auditory feedback consistent with the observed stimulus, is supported by previous studies evidencing that an ecological action-effect congruence may enhance the learning of new melodic sequences (20).

[image: Diagram comparing Action Observation Training (AOT) and Key-light Observation Training (KOT) for piano sequences. Sequence A and B are shown with musical notes. AOT involves observing hand movements on a screen, while KOT focuses on key-light observation. Both trainings include motor execution, described with note sequences (C3, D3, E3, F3, G3). Randomization is applied to both.]

FIGURE 1
 Experimental design. AOT consisted of the observation of a simple melodic sequence played on a keyboard with the right hand by the model, followed by its execution. Observation and execution were repeated six consecutive times (T1–T6). KOT followed the same procedure, except for the visual content of the stimulus, which depicted the sequential highlighting of the piano keys corresponding to the same melody used in AOT. Both training blocks (AOT vs. KOT) and sequences (A vs. B) were administered in randomized order across participants. Above each note, the colour intensity of the triangles (from light to dark) indicates the corresponding sound intensity (from piano to forte).


The melodic sequences for AOT and KOT were randomly selected from two melodies, balanced in terms of difficulty (number of notes = 24, rhythmic figures: 18 quarter notes, 6 half notes, 1 whole note; speed = 90 beats per minute). Notes, ranging from C3 to G3, were played according to the following constrained fingering: thumb-C3; 2nd finger-D3; 3rd finger-E3; 4th finger-F3; little finger-G3 (see Figure 1). Participants’ and model’s performance were acquired via a MIDI keyboard (Alesis V61) connected to a PC. Logic Pro App (Apple Inc., Cupertino, California) was used as recording software. This setup allowed us to digitally record the played notes as well as capture their timing and key-pressure strength.



2.3 Performance scoring

Participants’ performance was evaluated for each training block (T1–T6), considering the following domains:


2.3.1 Note accuracy

The hit rate was calculated as the percentage (H%) of notes correctly executed by the trainee out of the total notes constituting the model melody (n = 24); the wrong note rate was computed as the percentage (W%) of incorrect notes out of the total notes played by the trainee. Finally, the relative amount of correct notes out of the total executed notes [C = H%/(H% + W%)] was chosen as the main outcome of note sequence accuracy, ranging from 0 (i.e., the subject executes only wrong notes) to 1 (i.e., all the performed notes are correct). In addition, the correctness of the sequence was assessed by means of a sliding window over 3 consecutive responses (“triplets”), following the procedure described in Sakreida et al. (21). Here, the successful execution of any three consecutive responses in the proper order, was classified as one accurate triplet. Then, the total number of accurate triplets was set as endpoint (CT).



2.3.2 The key-pressure strength

The key-pressure strength (KPS) was transduced by the digital keyboard and sampled according to the 128-point MIDI protocol (22). To normalize the inter-subjects and inter-sequence force differences, the KPS of each correct note performed by each subject was expressed as its ratio with the maximum value within each melodic sequence (i.e., the most strongly played note having KPS = 1). The same procedure was then applied for characterizing the dynamic of KPS of the model. Finally, the trainee-model KPS absolute difference (d) was computed for the correct notes, the trainee-model similarity (S) of key-pressure strength was derived using the formula S = 1−d, and then expressed in percentage. An S index of 100% indicates an identical dynamic of KPS between the trainee and model, while lower percentages indicate a trainee dynamic increasingly detaching from model one.



2.3.3 Note duration

The trainee-model absolute difference of note duration (ms) was computed for each correct note, and its mean value (within-session) was chosen as the rhythmic outcome (R).

An exemplar extraction of the variables above from a single performance (Subject 9, T5, melodic sequence A) is detailed in Supplementary Material 1.




2.4 Statistical analyses

The homogeneity of basal (T1) performance between training types (AOT vs. KOT) for the different behavioral variables (i.e., C, S, R) was assessed by paired-sample t-tests. Moreover, to exclude a different degree of difficulty between the two melodies (A and B), their basal performance was compared with a paired-sample t-test. Finally, to assess if there is an effect of the first training on the second, we compared the basal performance (C,S,R) of the second block of training between participants that underwent AOT or KOT first.

A mixed rmANOVA was applied to investigate the effect of time (T1–T6) and training type (AOT vs. KOT) on the performance outcomes (C, S, R). In case of significant main effects or interactions, post-hoc analysis was conducted, and a Bonferroni correction was applied to account for planned, pairwise comparisons. The same analyses above were applied to the secondary outcomes (H%, W%, CT), whose results are displayed in the Supplementary Material 2. The significance threshold was set at 5%.




3 Results

The basal performance did not differ either between AOT and KOT, and between melodic sequences, indicating a homogeneous starting level for the musical performance. The order of training did not affect the participant’s performance either for C or S, but for note duration R. In particular, subjects undergoing AOT-first, showed an increased R in the following, basal performance of KOT (596 ms VS 1055 ms; t (40) = −4.63, p < 0.001).

The values of all the performance indexes across timepoints are shown in Supplementary Table 1. Baseline-corrected values of the three main outcomes across timepoints (T1–T6) are depicted in Figure 2. The rmANOVA showed a significant main effect of TIME on C (F (5,100) = 11.67, p < 0.001, ηp2 = 0.579) and no effect of TRAINING (F (1,20) = 2.96, p = 0.100, ηp2 = 0.129). A significant TIME x TRAINING interaction emerged (F (5,100) = 3.29, p = 0.009, ηp2 = 0.157), with post-hoc comparisons revealing that AOT training induced a significant advantage at T5 and T6 relative to the same time points for KOT (AOT vs. KOT, T5: 68% ± 24% vs. 54% ± 20%, p = 0.013 and T6: 74% ± 25% vs. 61% ± 22%, p = 0.034).
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FIGURE 2
 Changes across the evaluation timepoints (T1–T6) of the three main outcomes: Percentage of correct notes out of the total executed notes (C, panel A), Trainee-model key-pressure strength similarity (S, panel B), mean difference (Δ ms) of note duration between trainee and model (R, panel C). All means are baseline (T1) corrected. Single-subject learning trajectories and mean values are represented in thin and thick lines, respectively. Asterisks indicate the level of significance in between-groups comparisons across timepoints. AOT, Action Observation Training; KOT, Key-light Observation Training.


Concerning key-pressure strength (S), a similar pattern emerged from the rmANOVA, with a significant effect of TIME (F (5,100) = 15.26, p < 0.001, ηp2 = 0.432), no effect of TRAINING (F (1,20) = 1.47, p = 0.238, ηp2 = 0.068), and a significant TIME x TRAINING interaction (F (5,100) = 4.07, p = 0.002, ηp2 = 0.169). Post-hoc comparisons indicated that AOT training outscored KOT at T4 and T6 (AOT vs. KOT, T4: 86% ± 5% vs. 81% ± 7%, p = 0.042; T6: 87% ± 4% vs. 81 ± 8%, p < 0.001).

Finally, for the note duration (R), the rmANOVA showed a significant effect of TIME (F (5,100) = 18.11, p < 0.001, ηp2 = 0.475), but no significant effect of TRAINING (F(1,20) = 0.22, p = 0.642, ηp2 = 0.011) or TIME x TRAINING interaction were found (F (5,100) = 0.97, p = 0.438, ηp2 = 0.046). In other words, both musical trainings affected the trainee-model deviation in note timing, and apparently, the improvement was larger for AOT relative to KOT. However, this difference did not reach the significance threshold.



4 Discussion

In recent years, a growing body of research has pointed out that motor training based on action observation boosts the improvement of motor skills in a wide range of human activities (10, 23, 24). In the present study, we investigated whether the same potentiality can be applied also to the music realm and, if this is the case, which aspects of musical performance were mostly impacted. Musical tasks employed in our study are different from simple motor sequences commonly employed in serial reaction time tasks. Indeed, their inherent musical properties, including rhythm, pitch, and dynamic variation, require the integration of sensory feedback with precise motor output to produce not just a sequence of actions but a coherent and expressive musical piece.

Concerning note accuracy, AOT, on average, enhanced participants’ learning by 30% relative to KOT, in line with previous experiments showing that–when coupled with action execution–action observation drives the acquisition of new procedural tasks [e.g., tying nautical knots (23) or learning abstract visuo-spatial sequences (25–27)]. However, most of the AOT studies published to date employed motor tasks providing participants with only visual cues. The learning paradigm employed in our study is different, because both AOT and KOT include the notion of the key sequence linked to acoustical feedback, yet with the former task adding the view of the master’s hand. The superiority of AOT in promoting musical learning suggests that, in addition to a possible effect elicited by the observation of the sequence of keys, another factor comes into play. More specifically, the observation of the action executed by the master triggers, in addition to the simple sequence of visual cues, a motor representation of congruent finger movements, polarizing the trainee’s motor system - and thus his motor attempt - toward the master’s performance. It is worth mentioning that when dealing with complex, sequential actions (like piano playing), action observation does not activate a single set of motor programs in the observer’s brain; instead, it engages the whole chain of individual motor acts composing that action. This motor resonance matching the temporal organization of the action has been demonstrated both in single-neuron studies in non-human primates (28) and in intracranial studies in humans (29), providing a neurophysiological substrate of why action observation could improve the motor learning outcome by prompting a motor program already possessing its inherent spatiotemporal complexity.

Motor resonance is not limited to what the master is doing but also to his kinematics (30–32). To quantify the adherence of the trainee to master’s dynamics, we measured the key-pressure strength similarity, revealing that AOT exerted on this domain its most selective advantage. Indeed, while control training did not induce any significant modulation over time, AOT was able to polarize the trainee’s expressive pattern toward those of the observed model. Such a “dragging effect” is consistent with recent experiments showing that the improvement of the motor performance induced by AOT is linked to the increase of similarity of the observer’s motor pattern toward the model (24). The observation of hand-keys interaction, coupled with prominent acoustical information, may have sculpted a more comprehensive motor representation, in turn promoting a more similar motor performance. This hypothesis is also supported by pivotal studies on observational learning showing that mere visual information can promote the acquisition of neural representations of novel force environments (33), as well as by previous evidence on AOT capability to modulate muscular strength during object manipulation (34–36). In this regard, the possibility of observing a biological effector rather than non-biological visual cues may have provided an additional advantage to the trainee in terms of imitative performance (37).

Concerning the accuracy in note duration, both training significantly improved this aspect over time, with AOT bringing a slight yet non-significant advantage. Although we cannot draw a firm conclusion on this point, a possible explanation is that the auditory cues common to both AOT and KOT played a predominant role in shaping the temporal tuning of the trainee’s performance, while visual information added only a mild “temporal binding” advantage (38).

Features like the note intensity and duration constitute the major vehicle through which music drives or induces its affective content. According to Truslit (39), the “expressive shaping” of music occurs during both its execution and perception, this latter being characterized by the perceiver’s “inward experience of movement” (39, 40). Such an inner motor representation would emerge from the embodiment of dynamics (i.e., the gradations of sound intensity changing the volume of perceived sound) and agogics (i.e., the temporal fluctuations of sound). Looking at our findings from this perspective, it could be speculated that the embodiment of the dynamo-agogic features of perceived music may have promoted the behavioral convergence of our participants toward the model’s performance, finally improving the AOT outcome.

Even if the collection of neuroimaging data goes beyond the scope of this study, some theoretical speculations on the neural substrates of our findings may be advanced on the basis of previous literature. Learning to play a piece of music on a keyboard involves the activity of the dorsal (dPMC) and ventral premotor cortex (vPMC) (41), as well as structures like cerebellum (42, 43). Noteworthy, the perception of musical actions modulates the activity of these brain structures (41, 44), suggesting their potential involvement in learning the correct chaining of the notes. Moreover – even if not strictly in the framework of musical performance – neuroimaging studies showed that the frontoparietal mirror circuit is involved in the learning of both sequencing and rhythmic tasks, with the former relying more strongly on posterior parietal regions and the latter recruiting additional networks for encoding rhythmical information (21).

It is worth noting that multiple cortical hubs encoding musical actions–i.e., (1) the dorsal premotor cortex, (2) the inferior parietal lobule and (3) the insular cortex – show an increased activation when trainees listen to a just practiced melody (41, 45), suggesting that, since the initial phases of learning, the perception of musical stimuli may have enabled our participants to “internally” play the perceived melodies, even without moving the hands (10).

Besides the musicological framework, another point of interest is the possible exploitation of music-based AOT in clinical contexts where both AOT (9–11) and musical interventions (46–49) – even if in isolation– have been already fruitfully administered. By coupling the administration of the musical stimuli with their rehearsal before the active movement phase, music-based AOT would sustain the interplay across auditory, visual, and motor domains, sustaining activity-dependent neuroplastic changes associated with functional recovery (46). At the same time, MIDI protocol would easily allow the manipulation of distinct musical features (e.g., speed, timbre, loudness), adapting the stimuli to the specific needs of the patient. Not least of all, putting music into AOT would take advantage of the intrinsic motivational features of musical experience.

In conclusion, we provided the first evidence that Action Observation Training drives the acquisition of key elements of musical performance, encompassing not only the accurate sequencing of notes (i.e., the content of the melody) but also their expressive characteristics (i.e., the color of the melody). The convergence of listening and observation of actions onto a shared motor representation, enhances the potential efficacy of current methods for music education, explaining several pedagogical approaches that are fruitfully applied in all musical cultures worldwide.
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Background: Stroke survivors often face challenges in motor learning and motivation during rehabilitation, which can impede their recovery progress. Traditional rehabilitation methods vary in effectiveness, prompting the exploration of novel approaches such as reward strategies. Previous research indicates that rewards can enhance rehabilitation motivation and facilitate motor learning. However, most reward paradigms have utilized fixed reward amounts, which also have limitations. Exploring alternative, more effective reward strategies, such as probabilistic rewards, is warranted to optimize stroke patient rehabilitation.
Methods: A total of 81 stroke patients will be recruited and randomly assigned to control, fixed reward, or probabilistic reward groups at a ratio of 1:1:1 using a randomized number table method. Participants will undergo 10 days of daily hand motor function rehabilitation training, with sessions lasting 20 min each. The training will involve pegboard tests and box and block tests. Control group participants will receive standard training, while fixed reward group members will receive monetary incentives for completing tests, and probabilistic reward group members will have the chance to win monetary rewards through a lottery box. Rehabilitation motivation and motor performance and functional near-infrared spectroscopy brain imaging will be conducted at designated time points. The primary outcome measure is the stroke rehabilitation motivation scale, and the second outcome measures include motor performance, simple test for evaluating hand function, motivation and pleasure scale self-report, and Pittsburgh rehabilitation participation scale.
Discussion: Reward-based training enhance rehabilitation participation and adherence, it also improve motor learning speed and memory retention of stroke patients. The fixed reward applied in the past studies could diminish the sensitivity of stroke patients to rewards, while probabilistic reward may provide unpredictable or variable incentives or reinforcements for motor rehabilitation. This study will compare the efficacy of different reward strategies in enhancing motor learning ability and rehabilitation motivation among stroke patients. By conducting a randomized controlled trial, the study seeks to provide valuable insights into optimizing stroke rehabilitation protocols and improving patient outcomes.
Clinical Trial Registration:https://www.chictr.org.cn/, ChiCTR2400082419.
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Introduction

Stroke is a leading cause of long-term disability worldwide, often resulting in motor impairments that significantly impact the quality of life of affected individuals (1). Successful rehabilitation following stroke relies not only on the effectiveness of interventions but also on patients’ motivation to engage in therapy and their ability to learn and retain new motor skills (2). However, stroke survivors frequently experience challenges in motor learning due to neuroplastic changes in the brain and may lack motivation to participate in rehabilitation activities (3).

Motor learning is a complex process involving the acquisition, retention, and transfer of new motor skills through practice and experience. Stroke survivors often exhibit impairments in motor learning due to disruptions in neural circuits, alterations in sensorimotor integration, and impaired motor planning. Traditional rehabilitation approaches focus on repetitive practice and task-specific training to promote motor recovery. However, variability in individual responsiveness to rehabilitation interventions highlights the need for innovative strategies to enhance motor learning outcomes in stroke patients (4).

Motivation plays a critical role in driving engagement and adherence to rehabilitation programs. Stroke survivors may face various barriers to motivation, including frustration, lack of interest, and perceived lack of progress (5, 6). Providing meaningful incentives and rewards has been shown to enhance motivation and promote active participation in rehabilitation activities. Reward-based strategies, such as positive reinforcement, goal-setting, music and feedback, can help increase patients’ motivation and adherence to therapy regimens (7, 8).

Reward strategies have been increasingly integrated into rehabilitation programs to enhance patient motivation and engagement. Positive reinforcement, in the form of praise, encouragement, or tangible rewards, can reinforce desired behaviors and increase the likelihood of their repetition (9–11). Goal-setting allows patients to establish clear objectives and track their progress, providing a sense of achievement and motivation to continue rehabilitation efforts. Feedback mechanisms, such as visual or auditory cues, provide real-time information about performance, enabling patients to adjust their efforts and improve motor learning outcomes (12). However, in the majority of previous studies, the reward approach has been predominantly fixed. Fixed reward involves providing consistent and predictable incentives or reinforcements for desired behaviors or achievements. Examples of fixed rewards in stroke rehabilitation include tokens, or tangible rewards given consistently for meeting specific therapy goals or milestones. As time progresses, the sensitivity of participants to rewards gradually diminishes, which appears to limit the effectiveness of rewards. In contrast, another reward strategy, probabilistic reward, entails providing unpredictable or variable incentives or reinforcements for desired behaviors. This might include occasional praise, surprise rewards, or lottery-based incentives for demonstrating progress in therapy. Fixed rewards provide clear expectations and reinforcement for desired behaviors, promoting motivation and adherence to therapy regimens. On the other hand, probabilistic rewards create excitement and anticipation, stimulating motivation and engagement in therapy activities (13).

Previous studies have explored the effectiveness of fixed reward-based training in stroke rehabilitation, but there remains a need for comparative research to determine which approach—fixed or probabilistic reward—is more sensitive and efficient. The optimal types and delivery methods of rewards in stroke rehabilitation remain underexplored. Addressing this gap in the literature will provide valuable insights into optimizing stroke rehabilitation protocols and ultimately improving patient outcomes. This study aims to compare the efficacy of fixed and probabilistic reward strategies in enhancing motor learning ability and rehabilitation motivation in stroke patients, and seeks to inform the development of evidence-based rehabilitation protocols and improve patient outcomes following stroke.



Methods and analysis


Study design

This clinical trial adopts a single-center, single-blind randomized controlled design to investigate the efficacy of different reward strategies in enhancing motor rehabilitation outcomes among stroke patients. The study aims to enroll a total of 81 participants with residual motor deficits in their right upper limbs following a stroke. Participants will be randomly assigned to control group, fixed reward group or probabilistic reward group. Allocation will be conducted using a computer-generated randomization sequence to ensure an equal distribution of participants across the groups. Throughout the intervention period, all participants will receive standard rehabilitation training along with hand motor function training (20 min per day). The hand training was conducted using the pegboard test and the Box and Block Test (BBT) combined with different reward strategies. Rehabilitation motivation, motor performance evaluations and objective assessments will be conducted at designated time points.



Participants

This research will recruit subjects from the department of rehabilitation medicine at the Second Rehabilitation Hospital of Shanghai. Patient recruitment will commence on May 1, 2024. Recruitment methods will primarily include advertising, physician referrals, and internet recruitment. All subjects will be initially screened by the principal investigator before enrollment. Patients who meet the recruitment criteria and express interest will be individually informed of the trial details and consent requirements (Figure 1). Patients will sign a paper version of the informed consent form after fully understanding the benefits and risks of this study.

[image: Flowchart illustrating a study design. Participants are assessed for eligibility. Excluded reasons include not meeting criteria, declining participation, or other reasons. Eligible participants undergo a baseline assessment using tests like Pegboard Test, BBT, SRMS, MAP-SR, STEF, PRPS, and fNIRS. Participants are then randomized into a control group or two experimental groups: fixed reward and probabilistic reward, each with 27 participants. All groups undergo follow-up and assessment using the same tests, concluding with data analysis.]

FIGURE 1
 Flowchart of study design. BBT, Box and Block Test; fNIRS, Functional Near-Infrared Spectroscopy; MAP-SR, Motivation and Pleasure Scale Self-Report; PRPS, Pittsburgh Rehabilitation Participation Scale; SRMS, Stroke Rehabilitation Motivation Scale; STEF, Simple Test for Evaluating Hand Function.


Inclusion Criteria: (1) Patients diagnosed with stroke based on clinical assessment and comprehensive imaging examinations. First onset of stroke; duration of illness ≥1 month. (2) The impairment of motor function in the right upper limb (including the forearm and hand). (3) Age between 18 and 80 years, irrespective of gender, and right-handed. (4) Brunnstrom stages III to V. (5) Able to tolerate assessment sessions lasting from half an hour to one hour. (6) Participants and their legally authorized guardians understand and agree to participate in this study, and jointly sign the informed consent form.

Exclusion Criteria: (1) Patients with severe systemic diseases such as cardiopulmonary disorders, uremia or heart failure that render them unable to tolerate rehabilitation treatment. (2) Diagnosed with psychiatric disorders, severe depression, or having a family history of psychiatric disorders (HAMD-17 scores > 24). (3) Severe joint contractures (active range of motion of the upper limb is less than half of the normal range without eliciting pain). (4) Presence of consciousness disorders due to any cause, Glasgow coma score < 15 (14). (5) Auditory or visual impairments that may affect assessment and treatment. (6) Use of medications altering cortical excitability (antiepileptic drugs, sedatives, etc.). (7) Significant pain or mental disorders (visual analog scale > 6).



Sample size

The statistical software G-power (Heinrich Heine University Düsseldorf, Dusseldorf, Germany) was utilized to ascertain the sample size, with an alpha value set at 0.05, power at 0.95. By employing Cohen’s d using data extracted from a prior study by Chen et al. (15), we ascertain the mean discrepancy between groups to be 2.34 (27.54–25.2), with a pooled standard deviation approximating 3.47. Acknowledging the discrepancy in sample sizes between the two groups, the effect size is computed to be 0.674. With these parameters, the calculated sample size per group was determined to be 23 participants, summing up to 69 participants across three groups. Anticipating a dropout rate of 15%, the final sample size was adjusted, necessitating 27 participants per group, resulting in a total sample size of 81 participants.



Randomization, allocation, and blinding

The randomization procedure employed in this study adhered to rigorous standards, utilizing a randomized number table method. Subjects were allocated randomly into three groups (control group, fixed reward group and probabilistic reward group) at a precise ratio of 1:1:1, ensuring that each group consisted of 27 participants. Group allocation was meticulously executed using the sealed envelope method. Prior to participant assignment, random allocation sequences were meticulously generated and securely housed within sequentially coded, sealed, opaque envelopes. Following confirmation of subject eligibility by the researcher, envelopes were systematically unsealed, and subjects were then allocated to their respective groups.

In adherence to stringent confidentiality protocols, prior to envelope unsealing, the names and comprehensive profiles of eligible subjects were meticulously transcribed onto the exterior of each envelope. Duplicate records were also securely enclosed within, serving as a safeguard against any potential data loss or discrepancies. Furthermore, to ensure the utmost confidentiality and integrity of the allocation process, each envelope was reinforced with an additional layer of protection, such as a hardboard or tin foil insert, effectively shielding its contents from visibility under intense lighting conditions.

To uphold the scientific rigor of the study and mitigate the risk of bias, a single-blinding approach was meticulously implemented. This method ensured that assessors remained blinded to the subjects’ group allocations and the specific intervention protocols administered. Moreover, to maintain consistency and objectivity in the evaluation process, all patient training sessions and subsequent assessments were meticulously recorded. These assessments were conducted by therapists who were intentionally kept unaware of the patients’ group assignments. In case of anomalous data detected during data analysis or data verification, the designated data analyst will promptly notify both the principal investigator and the assessor. Subsequently, a comprehensive review of the recorded sessions will be conducted to verify the accuracy and reliability of the obtained results, thereby upholding the highest standards of scientific integrity and validity.



Intervention

Following the completion of the informed consent process, participants will formally commence the trial protocol. Throughout the inpatient period, hand motor function rehabilitation training will be administered once daily, with each session lasting approximately 20 min. This regimen comprises three Pegboard Tests and three BBT. In the context of the pegboard test, a common assessment tool used in rehabilitation settings, motor performance is evaluated by measuring the time it takes for individuals to complete specific tasks involving moving pegs from one location to another on a pegboard. The pegboard test often varies in complexity, with tasks ranging from simple movements to more challenging ones requiring precise coordination and dexterity. The Pegboard Test will be stratified into three difficulty tiers based on training complexity: peg removal, peg insertion, and peg flipping, further classified into three levels according to peg size.

The training regimen encompasses two distinct phases. In phase one, known as the baseline assessment, the Pegboard Test evaluates the maximum difficulty level of actions that patients can successfully complete and identifies the minimum peg size. BBT training entails patients transferring blocks as swiftly as possible within a 1-min timeframe, with a 1-min inter-session rest period, during which the number of successfully transferred blocks is recorded.

Phase two entails rehabilitation training, wherein patients undergo hand motor training once daily for 10 consecutive days, employing the highest difficulty level of actions and pegs. Patients are tasked with completing all pegs expeditiously. Following each training session, there will be a 1-min rest period, after which the pegboard will be reset for three additional pegboard training sessions. Patient metrics, including maximum action difficulty, peg size, and completion time, will be meticulously documented. BBT training will adhere to the same protocol as the baseline assessment, recording the number of successfully transferred blocks within a 1-min duration, repeated thrice.

Participants assigned to the control group will complete the training regimen as stipulated, devoid of any reward system. Conversely, participants in the fixed reward group will receive a 5 RMB incentive for each completed test prior to pegboard and box block trials, culminating in a total reward of 30 RMB upon completion of three pegboard tests and three BBT sessions daily. Those allocated to the probabilistic reward group will obtain a lottery opportunity following each completed experiment, entailing monetary rewards ranging from 1, 2, 5, 10, and 15 RMB, with an average probability reward of approximately 5 RMB. Consequently, completing three pegboard tests and three BBT sessions daily may yield rewards ranging from 6 RMB to 90 RMB. We prepared a square paper box to serve as a dark box for drawing lots. There is a total of 70 ping-pong balls inside, with 20 balls labeled with the number 1, 16 balls labeled with the number 2, 16 balls labeled with the number 5, 10 balls labeled with the number 10, and 8 balls labeled with the number 15. The amount of money awarded corresponds to the number marked on the ping-pong ball.

To ensure consistency and quality of the intervention measures throughout the trial, a detailed intervention protocol will be developed outlining the procedures, techniques, and timing for implementing different reward strategies. This protocol will serve as a guide for all interventionists to ensure uniformity in the delivery of interventions. Interventionists will be required to accurately document the delivery of each intervention session using standardized forms. This documentation will include details such as the content of the intervention, duration, participant responses, and any deviations from the protocol. The research team aims at ensure consistency and quality in the delivery of intervention measures. Maintaining intervention fidelity is crucial for accurately evaluating the effectiveness of different reward strategies in improving motor learning ability and rehabilitation motivation among stroke patients.

The safety and well-being of participants will be closely monitored throughout the duration of the study. Adverse events and serious adverse events will be promptly reported to the relevant regulatory authorities and the ethics committee, and appropriate measures will be taken to ensure participant safety.



Outcome assessment

The components of the assessment include basic information (gender, age, duration of illness, medication history, etc.), motivation, motor performance and objective assessments. The main assessments focus on motivation and motor performance. Comprehensive video recordings of each training session will be subjected to meticulous analysis to evaluate daily motor performance. Rehabilitation motivation evaluations and functional near-infrared spectroscopy (fNIRS) measurements will be conducted at designated time points (Table 1).



TABLE 1 Recommended content for the schedule of enrolment, interventions, and assessments.
[image: Study timeline table with columns for study periods: Enrolment and assessment, Allocation, Training, and Follow-up across timepoints. Rows include Enrolment activities like Eligibility screen and Informed consent, followed by Interventions for Control, Fixed, and Probabilistic reward groups. Assessment activities such as SRMS, MAP-SR, PRPS, Motor performance, and fNIRS are marked at various stages. Interventions span D1 to D10.]



Primary outcomes

The Stroke Rehabilitation Motivation Scale (SRMS) is a validated assessment tool developed by Australian scholar White in 2012, specifically tailored to measure the motivation levels of stroke patients engaging in rehabilitation programs (16). It offers a structured approach to evaluate various dimensions of motivation essential for effective rehabilitation. The scale comprises seven dimensions, including amotivation, external regulation, introjected regulation, identified regulation, integrated regulation, intrinsic motivation to know, and intrinsic motivation to accomplish. Each dimension represents different aspects of motivation, ranging from external factors like rewards or obligations to internal factors such as inherent satisfaction and personal goals. It consists of 28 items, including both positively and negatively phrased statements, allowing for a nuanced assessment of motivation levels. The SRMS serves as a valuable tool in rehabilitation practice, enabling clinicians to assess, monitor, and address motivational barriers to maximize the effectiveness of stroke rehabilitation programs.



Secondary outcomes

The second outcomes include motor performance, STEF, MAP-SR, and PRPS.

Motor performance assessment involves evaluating the ability of individuals to execute motor tasks effectively. This assessment typically encompasses factors such as the level of task difficulty, characteristics of the equipment used (e.g., peg size), and the time taken to complete tasks. The Simple Test for Evaluating Hand Function (STEF) is a valuable assessment tool specifically designed to evaluate hand and upper limb function. Developed initially by Kaneko Tsubasa in Japan and subsequently adapted for use in the United States (17). The STEF provides objective measurements of performance, allowing clinicians to track progress over time and compare results to normative data. The Motivation and Pleasure Scale Self-Report (MAP-SR) is an assessment tool originally developed by Llerena et al. (18). The MAP-SR encompasses items that probe different dimensions of motivation and pleasure, allowing for a comprehensive understanding of an individual’s subjective experiences. The Pittsburgh Rehabilitation Participation Scale (PRPS) is a vital assessment tool developed by Professor Lenze EJ at the University of Pittsburgh in 2004 (19). The scale offers a structured and systematic approach to assess the extent to which individuals engage in and contribute to their rehabilitation process during inpatient treatment. The PRPS serves as an indispensable tool for rehabilitation specialists, enabling us to assess, promote, and monitor patient participation in rehabilitation programs.

Functional Near-Infrared Spectroscopy (fNIRS) serves as a valuable tool for assessing brain activity and hemodynamic responses during motor tasks in stroke patients. During the assessment, participants will engage in motor tasks, such as hand function exercises, while fNIRS sensors are placed over predetermined cortical areas. Researchers can quantitatively evaluate the effectiveness of different reward strategies in modulating cortical activation patterns, thus elucidating their impact on motor learning ability and rehabilitation motivation in stroke patients.

Regular quality control checks will be conducted throughout the trial to monitor the consistency and accuracy of assessments. This will involve periodic reviews of assessment videos or live observations by a designated quality control team to identify any discrepancies or issues in assessment administration. Feedback will be provided to assessors, and additional training or clarification will be offered if necessary to rectify any identified issues.



Data collection and data management

Ensuring the precision and trustworthiness of research data stands as a cornerstone in clinical studies. A methodical process encompassing data collection, verification, locking, and unblinding is meticulously employed to uphold rigorous data quality standards. At the outset, paper-based Case Report Forms (CRFs) and specialized assessment scales are meticulously employed to mitigate potential human errors during data collection. Each CRF undergoes meticulous transcription into the database by two independent personnel, with any disparities promptly rectified using software tools to augment efficiency and establish a resilient data foundation. During the data verification phase, spearheaded by a dedicated data administrator, stringent protocols are enacted to meticulously identify and rectify any errors or inconsistencies in the data entry process. This phase is of paramount importance in ensuring the precision and reliability of the dataset. Subsequent to verification, the data is securely locked to safeguard its integrity and prevent unauthorized alterations without unanimous agreement. This procedure serves to uphold the sanctity and fidelity of the dataset throughout the analysis phase. In the pivotal unblinding process, statistical analysis unveils the treatment modalities received by participants, subsequently followed by the disclosure of treatment group statuses. Transparency and impartiality in this phase are of utmost importance in upholding the scientific integrity and credibility of the trial results.

Overall, this rigorous data collection and management protocol are devised to furnish invaluable insights into the efficacy of diverse reward strategies in stroke rehabilitation. By adhering to exacting data quality standards, the study aspires to contribute significantly to the refinement of rehabilitation protocols tailored for stroke patients.



Statistical analysis

Categorical variables like gender and affected side will be presented as percentages and compared using the chi-square test. Continuous variables will undergo normality assessment with the Shapiro–Wilk test and variance homogeneity examination with Levene’s test. One-Way ANOVA will compare motivation among groups before and after training, followed by Tukey’s HSD test for post hoc comparisons. The repeated measures ANOVA was performed to analyze changes in rehabilitation motivation scales data and average time spent in pegboard test and BBT in the three groups. Non-normal or heterogeneous data will be analyzed using the Kruskal-Wallis test, with post hoc tests conducted using Dunn’s test. Normal data will be presented as mean ± standard deviation, while non-normal data will be presented as median and quartiles. The significance level (P) for hypothesis testing will be set at 0.05.




Discussion

Stroke-induced motor impairments pose significant challenges to patients’ quality of life and independence, necessitating effective rehabilitation strategies. As highlighted in the introduction, stroke survivors often experience difficulties in motor learning due to neuroplastic changes in the brain, coupled with motivational barriers that hinder active participation in rehabilitation activities (20, 21). The incorporation of reward strategies, such as positive reinforcement and goal-setting, aims to address these challenges by enhancing motivation and engagement in therapy sessions (22).

Previous studies have consistently demonstrated the efficacy of motivational interviews and reward-based training in bolstering the rehabilitation motivation of individuals with neurological injuries. For instance, findings from various intervention studies revealed a significant positive effect of motivational interviewing on patient engagement and adherence to rehabilitation programs (23–25). Similarly, comparing traditional rehabilitation approaches with reward-based training found that participants in the reward group exhibited higher levels of motivation and persistence in completing motor tasks (26). Furthermore, Studies have elucidated the neural mechanisms underlying the influence of rewards on motivation, highlighting the activation of dopaminergic pathways and the striatum during reward anticipation, which in turn enhances motivation and learning processes (27). Collectively, these findings underscore the importance of incorporating motivational strategies and reward systems into neurorehabilitation protocols to optimize patient outcomes and facilitate recovery.

Earlier studies demonstrated that reward alone did not enhance the learning rate in the VMR task, whereas reward combined with punishment not only accelerated the learning rate but also increased the learning extent (28, 29). Nikooyan et al. suggested that reward feedback alone can drive motor adaptation (without increasing the rate beyond that of the control group), and the combination of reward and sensory feedback accelerates learning (30). It was also supported that reward alone boosts or accelerates learning speed in sequence learning paradigms. The participants with monetary incentives have a higher learning rate in a discrete motor sequence task because the reward enhances motivation (31). Additionally, Sebastian Sporn et al. dissociated the effects of different types of rewards, namely, performance feedback and monetary incentives, through a novel motor task, and the results demonstrated that monetary incentives alone rapidly shortened movement time, whereas feedback after correct responses primarily improved learning-related movement time performance. Importantly, pairing both monetary incentives and feedback after correct responses enhanced movement time performance and improved fusion of movements (12). The majority of studies investigating the impact of rewards on motor learning mentioned above were conducted in healthy participants, employing fixed reward paradigms. It wasn’t until 2017 that, in a visuomotor rotation-based reaching task utilizing a robotic arm, the reward group of chronic stroke patients exhibited superior adaptation and readaptation compared to the neutral group, and finally, the reward group showed greater retention. Quattrocchi et al. were the first to provide evidence that reward and punishment can augment motor adaptation in stroke patients (32). This finding was corroborated by a recent study which was also conducted in stroke patients (33). However, the rewards utilized in these investigations remained fixed. To date, there is still a lack of randomized controlled trials examining the effects of fixed versus probabilistic rewards on motor rehabilitation in stroke patients. The study we are undertaking aims to address this gap.

The comparison between fixed and probabilistic reward strategies provides valuable insights into their respective efficacy in promoting motor learning and rehabilitation motivation among stroke patients. This study will contribute to the growing body of evidence on the effectiveness of reward-based interventions in stroke rehabilitation. By elucidating the differential impacts of fixed and probabilistic rewards on patient outcomes, this research informs the development of tailored rehabilitation protocols that optimize motivation and motor learning outcomes in stroke survivors. The novelty of this study lies in its comparative approach, which directly assesses the relative effectiveness of fixed versus probabilistic reward strategies in stroke rehabilitation. In addition to its clinical implications, this study contributes to theoretical models of motivation and learning in rehabilitation settings. By elucidating the mechanisms underlying the effectiveness of reward-based strategies, such as reinforcement schedules and expectancy theory, this research may enhance our understanding of the psychological factors that influence patient engagement and adherence to rehabilitation programs.

Overall, this study underscore the importance of integrating motivational strategies into stroke rehabilitation protocols to enhance motor learning ability and rehabilitation motivation. By identifying the most effective reward strategies for stroke patients, this research has the potential to inform clinical practice and improve the effectiveness of rehabilitation interventions.
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Background: The gait function in adults with cerebral palsy (CP) deteriorates rapidly with age. Dance has been used as an effective intervention to improve balance, postural control, and gait. This study aimed to investigate the feasibility and effects of an adapted dance program (ADP) on the gait in adults with CP. The ADP, which consists of floor and barre workouts, was designed to be adapted for individuals with CP.
Method: Ten female adults with spastic diplegic CP (mean age 52.3 ± 6.34, Gross Motor Function Classification System level II) participated in this study. Outcome measures, examined using 3D gait analysis, included spatiotemporal gait parameters and the Gait Deviation Index (GDI) based on nine kinematic variables in all planes of motion. To assess feasibility, we conducted post-questionnaires and a group interview. The ADP, each lasting 90 min, was held twice per week for 12 weeks.
Results: A statistically significant improvement was observed in GDI (Δ5.74 points, p = 0.014), with a large effect size (d = 0.76). Foot off (Δ-0.72%), first double support (Δ-0.2%), second double support (Δ1.5%), and single support (Δ0.64%) showed no significant differences. Step length (Δ1.48 cm), cadence (Δ3.95 steps/min), and walking speed (Δ6.41 cm/s) tended to increase, though the differences were not statistically significant. Participants expressed high levels of physical and emotional satisfaction, suggesting a need for early intervention.
Conclusion: The ADP may improve gait patterns in adults with spastic diplegic CP. The feasibility results indicated that the ADP is suitable for adults with spastic diplegic CP. This study provides evidence for improvement in gait patterns through dance, which has not been reported in previous dance studies on individuals with CP, offering additional information on the benefits of dance.
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1 Introduction

Cerebral palsy (CP) is a non-progressive neurodevelopmental disorder, which is characterized by muscle weakness and spasticity, reduced cardiorespiratory endurance, postural instability, and balance impairment (1). Although the condition is non-progressive, functional deteriorations occur over the patient’s lifespan, leading to premature functional decline among adults with CP (2). Moreover, functional decline and secondary medical complications, such as diabetes, hypertension, cardiovascular conditions, joint pain, fatigue, and other musculoskeletal pain, can impact the performance of the activities of daily living, exercise, social activities, and quality of life (1). Gait performance is a key physical function related to independent activities of daily living and social participation. Previous studies have shown that 35% of adults with CP experience a decline in gait function, 9% stop walking altogether, and most face worsening mobility before the age of 35 (3, 4). These findings indicate the need for effective interventions aimed at restoring gait and preventing rapid deterioration of mobility among adults with CP.

Dance is considered an enjoyable and effective intervention for the neurological population (i.e., people with Parkinson’s disease, stroke, multiple sclerosis, dementia and Alzheimer’s disease, and CP), supporting the enhancement of gait, balance, postural control, and cognitive, social, and emotional aspects (5, 6). Dance also offers benefits for people with CP in terms of motor functions, including balance, gait, cardiorespiratory fitness, and postural control (7, 8). In a recent systematic review and meta-analysis on the efficacy of dance interventions in CP (9), the most commonly investigated outcome measures were mobility, postural control, and balance, showing large effect sizes (g > 1.5). However, most studies have targeted children and adolescents with CP (9), and few studies have focused on adults. One study involved creative dance [age 30–54 years, Gross Motor Function Classification System (GMFCS) level I-II, n = 10] (10), while the other study performed a wheelchair dance (age 37.6–64.6 years, GMFCS level V, n = 6) (11). To our knowledge, the evidence regarding dance interventions for adults with CP remains limited compared to that for children and adolescents (7, 9).

This pilot study aimed to examine the effect of the adapted dance program (ADP) on gait in spastic diplegic adults with CP. Additionally, it also aimed to explore the feasibility of population-specific adaptations (12). We hypothesized that the ADP would improve gait in adults with spastic diplegic CP. The gait performance was evaluated using spatiotemporal gait parameters (i.e., foot-off percentage, step length, cadence, and walking speed) and the Gait Deviation Index (GDI), employing a three-dimensional gait analysis (3DGA) rarely utilized in previous dance research literature on people with CP (7, 9). These parameters are commonly used to evaluate gait quality in clinical settings and scientific research, facilitating the detection of gait changes after interventions (13, 14). The GDI, based on nine kinematic data points from the pelvis, hip, knee, ankle, and foot, represents a numerical variable that indicates the quality of the gait pattern. It serves as an index of gait pathology with a range of 0–100. A value greater than 100 indicates the absence of gait pathology (15). This study contributes to the body of evidence regarding the effects of dance on adults with CP and suggests that adaptations are exploratory and intended to inform future studies and practitioners.



2 Method


2.1 Study design

This pilot study used a non-randomized study design with pre- and post-assessment comparisons to examine the effect of ADP on gait and explore the feasibility of the ADP in adults with spastic diplegic CP, using an exit questionnaire and interview. We expect that this study will provide meaningful information for conducting large-scale studies for potential future use (12, 16). To address the aim of the pilot study, we followed a checklist and guidance entitled TIDieR (Template for Intervention Description and Replication) to improve the completeness of reporting and replicability (16). Because this was a pilot study, a formal calculation of the sample size was not conducted. Instead, the sample size was determined based on a systematic review and meta-analysis of dance interventions for individuals with CP (9) and two intervention studies. In a study by Duarte et al. (9), a sample size of 10–13 participants showed a large effect size (g = 1.96). Given that the previous study evaluated gait performance after dance intervention in adults with CP (10) and that our present study shared the same duration and time per class of the intervention, we expect to achieve the same effect size. Nine children with CP were recruited to investigate the effect of ballet use on gait in a pilot study (17). We recruited 12 participants as the target sample, with a dropout rate of 20%. The participants were recruited through advertisements on social networking services targeting the cerebral palsy community in the Republic of Korea between December 2023 and January 2024. Assessments were performed 1 week before (pre-assessment) and 1 week after (post-assessment) the intervention. The intervention was conducted twice a week for 12 weeks, from April to June 2024. After the last intervention, we administered an exit questionnaire and conducted group interviews to examine the feasibility of the intervention. This study was approved by the Institutional Review Board of Seoul National University Bundang Hospital (IRB NO. B-1908-5559-005). All participants signed an informed consent form approved by our hospital, in which the procedure, possible risks, and benefits were described in detail. Informed consent was obtained from all the participants or their legal guardians before the start of the study.



2.2 Participants

Twelve adults with spastic diplegic CP were recruited voluntarily, and all met the inclusion criteria. The cutoff age was determined by carefully considering the age at which significant changes in walking function are most likely to occur, based on a physical therapists’ perspective (18) that, before the age of 35, the ability to walk in adults with CP declines. The GMFCS is a 5-level classification system that describes gross motor function in children with CP (19). However, it has also proved to be a reliable classification instrument for adults with CP (20). In the context of the Surveillance of Cerebral Palsy in Europe (SCPE) (21), the GMFCS is used to categorize walking ability as follows: GMFCS levels I-II (independent walkers) are classified as “mild,” GMFCS level III (walkers with aid) as “moderate,” and GMFCS levels IV-V (wheelchair users) as “severe.” The participants were recruited according to the following inclusion criteria: (1) diagnosis of spastic diplegic CP confirmed by an orthopedist; (2) male or female age > 30 years; (3) Gross Motor Function Classification System (GMFCS) level I or II (22); (4) ability to walk independently; (5) ability to complete a health screening questionnaire and understand the study protocol; (6) no history of surgery during the past 3 months; and (7) not currently receiving regular physical therapy. The exclusion criteria were as follows: (1) inability to understand the study instructions; (2) medical contraindications to exercise; and (3) use of walking aids. Two participants dropped out during the program because of the inconvenience in accessing the intervention location and their part-time commitments. Ten participants completed the study (Figure 1).

[image: Flowchart depicting a study process. Recruitment involved 12 participants, all screened, and allocated to an ADP group. A pre-test with 3D Gait analysis was conducted on all 12. During a 12-week intervention conducted twice weekly, 2 participants discontinued (1 due to location inconvenience, 1 due to part-time commitments), leaving 10. These 10 completed an exit questionnaire, group interview, and a post-test with 3D Gait analysis.]

FIGURE 1
 Study flow diagram.




2.3 Intervention

The ADP is composed of floor and barre workouts. The program was modified to consider the physical characteristics of individuals with CP, including gait instability, muscle stiffness, postural instability, and coordination difficulties. Thus, the ADP focused on improvements in full-body stretching, range of motion (ROM), balance, postural control, upper and lower limb coordination, and sensory perception, such as musical cues and visual feedback. The participants imitated the instructor’s movements and were encouraged to accompany all the movements with music.

One main instructor and one assistant, both of whom majored in dance education in college, had 16 and 8 years of dance teaching experience for healthy individuals and those with disabilities, respectively. The instructor taught the ADP and demonstrated movement, while the assistant provided posture corrections to maintain proper alignment and offered balance support for safety. The program was conducted in a dance studio equipped with full-length mirrors, ballet bars, yoga mats, and a dance floor. Recorded music was used, and the instructor provided verbal rhythm counts as needed. The ADP lasted 90 min per session, twice a week for 12 weeks, totaling 24 sessions. All sessions were performed as a group. Each session began with a floor-lying workout (30 min), intermission (10 min), barre workout (40 min), and cool-down phase (10 min). Intensity was measured in two sets of four to eight repetitions, taking into account exercise considerations for CP (23). (Refer to the Supplementary material for the detailed movement description in the ADP).

The floor workout was performed in the lying-down position. This modification responds to the features of CP that differ from those of traditional ballet training. The lying down position can release tension or stiffness throughout the body, mitigate unnecessary tension on non-targeted muscles, and compensate for movement. The floor-lying workout comprised parts 1 and 2. Part 1 consists of five movements focused on full-body stretching and increasing ROM: big X full-body stretching, lying feet point and flex, hamstring stretching, hip abduction and adduction, and knee drop. Part 2 consisted of four movements that focused on body perception and coordination between the upper and lower limbs, based on Bartenieff Fundamentals (BF) basic movements (24) and two ballet positions. This included toe tapping, lying first position plié, lying port de bras, and an upper-lower limb connectivity sequence. It is structured to progress from distal to proximal body movements, thereby enabling the implementation of symmetric and asymmetric movement sequences.

The barre workout comprised parts 3 and 4. Part 3 consisted of five basic barre movements focused on postural control, lower limb strengthening and mobilization, and dynamic balance, including parallel, first, and second demi plié, relevé, tandu, rond de jambe à terre, and second-position temps lié. After practicing lower-limb movements, the addition of the port de bras enabled systematic coordination training. Adding upper-limb movements also implies an increase in the difficulty level. Owing to joint contractures in the CP, the first foot position was modified from having the heels together to slightly spreading them, and the instructor did not emphasize excessive turnout. In Part 4, the focus is on weight shifting and coordination between the lower and upper limbs through short sequential movements using the barre, which incorporates two or three learned basic barre workouts. This was implemented instead of the center work in a traditional ballet class. We expected that this adaptation would allow the participants to maintain their posture while performing dynamic movements. Participants were encouraged to implement various directions (e.g., front, side, back, and diagonal).

The cool-down consisted of light static stretching of the major muscle groups for 5 min, followed by complete relaxation in the lying position, such as Sava asana in yoga, for 5 min.



2.4 Outcome measures

Gait performance was assessed using the 3DGA, which provides a large amount of information, including spatiotemporal gait parameters, dynamic joint motion (kinematics) in three planes (sagittal, frontal, and transverse), and joint movement and power (kinetics) in three planes (25). Outcome measures in our study included spatiotemporal parameters and the GDI score as kinematic parameters. The spatiotemporal parameters include foot-off in gait cycle (%), first double support in gait cycle (%), second double support in gait cycle (%), single support in gait cycle (%), step length (cm), cadence (steps/min), and walking speed (cm/s). The GDI score is calculated based on nine kinematic parameters, including pelvic and hip range of motion in all three planes, knee flexion and extension, ankle dorsiflexion and plantarflexion, and foot progression, as described by Schwartz and Rozumalski (15). It represents a single numerical value ranging from 0 to 100, where a score of 100 or higher indicates the absence of gait pathology, with each 10-point decrease indicating one standard deviation from the mean of healthy controls (15). The GDI score effectively distinguished various levels of gait impairments in adults with spastic CP (22).

The 3DGA was performed 1 week before and 1 week after the intervention. All assessments were conducted at the Laboratory of Motion Analysis Research at Bundang Hospital. The gait analysis is clinically acceptable (26). The outcome measures were collected using a motion capture system (Motion Analyses Corporation, Santa Rosa, CA, USA) equipped with 10 Kestrel digital optical cameras. Reflective markers were placed as per the Helen Hayes marker set by two professional examiners with 15 years of experience in consistent marker placement (27) and national qualifications in motion analysis. The participants walked barefoot on a 10-m walkway six or seven times at a self-selected comfortable speed. Among them, three times that represented their typical gait pattern were selected and averaged to obtain data for the final analysis. All tests were conducted in one session each, both pre and post the intervention, on the day of the examination, with a total measurement time of approximately 20 min.

The feasibility of implementing the intervention was investigated using an exit questionnaire and group interviews conducted after the final intervention (12). The eight items in the exit questionnaire were developed based on Lopez-Ortiz et al.’s study (28) and following the guidelines of a pilot study (12). The questionnaire used a 5-point Likert scale (1 = strongly disagree, 3 = neither agree nor disagree, and 5 = strongly agree). These items were as follows: enjoyment, perceived changes in physical aspects, perceived changes in emotional aspects, perceived appropriateness for people with CP, barriers to participation, usability of the frequency and duration, recommendations to others, and intention to participate again. The interview questions inquired about participants’ opinions on each item. For example, “What aspects did you find enjoyable?”, “What emotional changes did you experience while participating in the ADP?”, “Why would you recommend this activity to others?” Considering the interactivity among the participants, questions were taken into account, allowing for free responses without being strictly bound to them. The interview facilitator created an atmosphere where participants could comfortably and freely express their experiences and opinions. The interview was recorded in its entirety and transcribed by a stenographer. Prior to the group interview, the intention to record, research purpose, confidentiality, and participants’ right to not speak or stop participating at any point were reiterated, and written consent was obtained. The interview response was transcribed, and after analyzing the transcriptions by meaningful units, common themes related to the questions were categorized.



2.5 Data analysis

All numerical variables were analyzed using IBM SPSS Statistics for Windows (version 23.0; IBM Corp., Armonk, NY, USA) for data analysis. Descriptive statistics were calculated for all the variables. Differences in each outcome variable pre- and post-intervention were compared using a paired t-test. The exit questionnaire responses were expressed as mean, standard deviation, as well as maximum and minimum scores on a Likert scale. The significance level was set at p < 0.05.




3 Results


3.1 Attendance and demographic characteristics

The demographic characteristics of the participants are presented in Table 1. Initially, 12 participants were recruited. However, after starting the exercise, two individuals dropped out: one at 3 weeks due to inconvenience in accessing the location and another at 7 weeks due to a part-time job. Accordingly, a total of 10 participants completed both assessments and exercises. All 10 participants were female with GMFCS level II, aged 42 to 60 years (mean = 54.1 ± 5.7 years). The height, weight, and BMI showed no differences between pre- and post-assessment. The participants demonstrated an attendance rate of 96.3% over the 24 sessions.



TABLE 1 Demographic characteristics of participants.
[image: Table comparing variables before and after intervention, including age, sex, GMFCS level, and type. Metrics shown are height, weight, BMI, and attendance, with p-values for height (0.62), weight (0.25), and BMI (0.69).]



3.2 Gait

Table 2 presents the changes in the spatiotemporal gait parameters and GDI before and after the intervention. Foot off (Δ-0.72%, p = 0.47), first double support (Δ-0.2%, p = 0.7), second double support (Δ1.5%, p = 0.43), and single support (Δ0.64%, p = 0.46) presented no significant difference. Step length (Δ1.48 cm, p = 0.28), cadence (Δ3.95 steps/min, p = 0.24), and walking speed (Δ6.41 cm/s, p = 0.11) showed an increasing tendency but no statistically significant difference. However, statistically significant differences were observed on GDI after intervention (Δ5.74 points, p = 0.02), showing a large effect size (d = 0.76) (29).



TABLE 2 Changes of the spatiotemporal gait parameters and Gait Deviation Index (GDI) for pre- and post-adapted Dance Program for adults with spastic diplegic cerebral palsy.
[image: Table comparing pre- and post-intervention outcomes. Measures include foot off percentage, first and second double support, single support, step length, cadence, walking speed, and GDI. Each includes mean, standard deviation, t-value, p-value, and effect size. Significant change noted in GDI with p = 0.02 and ES = 0.76. Values provide insights into intervention effects.]



3.3 Feasibility

Table 3 presents participants’ responses to the exit questionnaire and comments from the group interview. Enjoyment showed 4.7 ± 0.46 points. Participants mentioned the role of music in making exercise more enjoyable and less tedious, providing a refreshing alternative to traditional therapy or exercise. Several participants expressed pride in their ability to dance, despite initial doubts about its feasibility for individuals with CP. Perceived changes in physical aspects presented 4.6 ± 0.49 points. The majority of participants attributed dynamic movements using the bar to improvements in left–right alignment, posture adjustment, and increased leg strength. Participants reported feeling a noticeable increase in leg strength, with one individual noting, “I feel like there is more power in my legs.” Another thing is that looking in the mirror was effective in correcting their posture. Perceived changes in emotional aspects (mean = 3.9 ± 0.74 points). Participants noted increased confidence as their posture improved and their gait became more dynamic, leading to a more vibrant daily life. Participants also appreciated the opportunity to share enjoyable experiences with others, enhancing camaraderie. Perceived appropriateness for people with CP showed 4.7 ± 0.46 points. Participants acknowledged the effectiveness of incorporating floor and barre workouts, as well as using the bar, in enabling them to perform more dynamic movements while ensuring safety. Barriers to participation exhibited 1.2 ± 0.42 points. In addition to one participant dropping out due to difficulty accessing the intervention location, others mentioned the inconvenience of using transportation services (such as disability call taxis) to get to the class location. The usability of the frequency and duration presented 4.6 ± 0.66 points. There was high satisfaction with the 90-min class held twice a week, compared to other classes typically lasting 50 min once a week. Instructors noted that due to slower movement transitions and progression in individuals with CP, securing sufficient time is essential for effective intervention implementation. Regarding recommendations to others (mean = 4.6 ± 0.52 points) and participation again (mean = 4.8 ± 0.42 points), participants expressed a desire to participate again and a willingness to recommend the class to others, suggesting starting at a slightly younger age.



TABLE 3 Results from the exit questionnaire and group interview.
[image: A table summarizes survey results with questions, mean scores with standard deviations, and comments. Topics include enjoyment, physical and emotional changes, appropriateness for people with CP, participation barriers, usability, recommendations, and intention to participate again. Scores range from 1.2 to 4.8, with comments highlighting music, posture, confidence, location, exercise duration, and benefits of starting exercise young.]




4 Discussion

This pilot study aimed to investigate the effects of ADP on gait in adults with spastic diplegic CP (GMFCS level II). The ADP comprised a structured dance program consisting of floor and barre workouts. The intervention was conducted twice a week for 90 min each session, for a total of 24 sessions. Participants attended 96.3% of the sessions. While the step length, cadence, and gait speed increased, no statistically significant differences were observed. However, in terms of kinematic variables, there was a significant increase of 5.74 points in the GDI, demonstrating a large effect size (d = 0.76), indicating the benefits of ADP in improving gait patterns in adults with spastic diplegic CP. This result can be discussed in terms of the following two attributes.

First, music in dance interventions plays a crucial role in synchronizing rhythmic signals and motor responses in the rehabilitation of movement disorders (30). Previous studies (10, 31, 32) reporting improvements in gait performance among neurorehabilitation patients after dance interventions have emphasized the rhythmic auditory stimulation theory (RAS) as a basis for functional improvement. Kim et al. (33) conducted a intervention using keyboards (30-min individual sessions three times per week for 4 weeks) for adults with CP and reported improvements in cadence, velocity, stride length, and kinematic parameters following the intervention. Shin et al. (34) reported a GDI increase of 3.48 points in hemiplegic adults with either cerebral palsy or stroke after gait training based on RAS treatment (30 min, three times per week for 4 weeks). Moreover, in RAS, a significant improvement of 3.9 points in GDI was observed, while the Bobath treatment showed a decrease of −1.3 points (35). In our study, participants were encouraged to move in sync with the rhythm of ballet music during the barre workout, whereas in the floor workout, either a simple beat was provided or instructors offered verbal counting cues to train participants to control their movements according to the given tempo. In line with this, our findings are consistent with previous studies reporting the effects of rhythmic interventions.

In addition, ADP involves multisensory activity that requires the body to move while simultaneously processing visual, tactile, and auditory stimuli (5). Rehfeld et al. (31) reported improvements in motor and proprioceptive functions after dance training. They noted that the complexity of dance movements not only enhances awareness of the body’s position in space and body segmentation but also improves coordination by engaging multiple body parts simultaneously. In our study, during the floor workout, participants initially focused on enhancing proprioception for the movements of the upper and lower limbs separately. This progressed to patterns of whole-body coordination incorporating symmetric movements (e.g., moving the same-side arm and leg) and asymmetric movements (e.g., moving the opposite arm and leg). During the barre workout, the participants performed a series of tasks that included recognizing body movements, adjusting posture in space, imitating movements, and learning new movements. Consequently, the improved GDI scores observed in this study may be attributed to several elements integrated into the ADP, including enhanced proprioception, increased awareness of body positional changes in space, and better overall body coordination. Lakes et al. (17) described weight shifting as a key factor in improving gait speed, stride length, and selective voluntary motor control, providing a different pattern of improvement in the hip and subtalar joints after a ballet intervention.


4.1 Feasibility

With regard to the feasibility of ADP, participants perceived dance as a different form of activity from traditional exercises or therapies, showing high satisfaction with dancing to music. There were no relevant accidents or harm in implementing the ADP. While dance is increasingly used in therapeutic settings (5, 9), there is still a tendency for people to perceive it as a professional domain, similar to dance performed by people without disabilities. It is necessary to lower barriers and expand the perception that “everybody can dance.” Regarding physical changes, the participants expressed high satisfaction with their adjusted posture and energetic walking while performing the ADP. In line with studies indicating a significant relationship between physical health, social participation, and emotional health (32, 36), it has been observed that emotional changes stem from physical changes in the present study. Social participation has been highlighted as a benefit of dance, emphasizing its role in fostering social engagement (7). The participants in this study also expressed the joy of being together. This study shows that while social participation through dance does not involve community events or performances (9), participating in group classes can be a form of social engagement, allowing individuals to meet others and share experiences. Considering these factors, additional dance classes should be offered. However, as noted as a barrier in this study and by Lopez-Ortiz et al. (28), accessibility between homes and class locations makes it difficult to sustain consistent class attendance. Accessibility to transportation is crucial when considering interventions for individuals with disabilities.

In terms of appropriateness, conducting floor and barre workouts together in one class, along with the use of bars and mirrors, was suitable for a dance program for people with CP. There was no perception that the combination of floor and barre workouts in one class was burdensome or risky. Instead, they were satisfied after engaging in sufficient stretching and slow whole-body coordination training during floor workouts and then processing dynamic movements during barre workouts. Moreover, the participants were highly satisfied with the 90-min sessions. In particular, the instructors pointed out that people with CP require a slower pace of movement, sufficient time for transitions between movements, and consideration of rest periods during class. Given the actual training duration, we suggest that a 90-min class per session is appropriate. We installed the bar horizontally instead of vertically, as is typically done in general ballet classes. This was modified for individuals with CP. Participants held the bar with both hands, enabling safe and easy weight shifting from side to side while facing the mirror, which helped them align their postures. The participants reported that supporting the bar with both hands helped them balance and shift their weight more effectively. Additionally, feedback from instructors on posture seemed to influence participants’ self-correction of posture, indicating the importance of providing verbal and visual feedback during program implementation (Figure 2).

[image: Two images show individuals practicing ballet positions by a barre. Image A depicts a person with one leg extended behind, marked with red lines indicating posture alignment. Image B shows a person in a plié position, marked with red and blue lines highlighting posture and balance. Both wear sports attire in a bright dance studio.]

FIGURE 2
 Examples of feedback on posture alignment using photographs (Photo reproduced with permission) (A) Demi plié posture alignment, (B) Alignment during weight shifting.


The participants expressed a willingness to recommend this class to others, suggesting that individuals should participate in such classes for posture correction at a younger age. This finding is consistent with those of previous studies that showed deterioration in physical function in the late twenties and thirties (4, 37). Based on these results, the necessity for early intervention in adults with CP should be emphasized.

Our results support the feasibility of the ADP for improving gait in adults with spastic diplegic CP. However, the lack of a control group, non-random sampling, absence of follow-up, and the fact that all participants were female limit the generalizability of the research findings. Despite these limitations, this study provides meaningful information regarding the implementation of dance to guide further research and large-scale studies. First, it provides valuable results by examining the impact of the ADP on gait in adults with spastic diplegic CP, a parameter that has not been previously explored in dance studies involving adult with CP. Second, by assessing the feasibility of various aspects of the research from the participants’ perspective, researchers can refine their approach, mitigate potential challenges, and successfully conduct larger studies. Third, we enhanced the reproducibility of the study by providing sufficient details regarding program implementation.




5 Conclusion

In conclusion, ADP consisting of floor and barre workouts can be an effective intervention for enhancing gait patterns in adults with spastic diplegic CP. The participants expressed high levels of emotional and physical satisfaction. The use of bars and mirrors was found to be effective in posture control and safe weight shifting, and sufficient session duration (e.g., 90 min) was deemed suitable for dance classes for people with CP. Additionally, starting treatment at a younger age was recommended. This study suggests further randomized controlled trials to provide strong evidence of the effect of dance interventions on gait function in adults with CP.



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

This study was approved by the Institutional Review Board of Seoul National University Bundang Hospital (IRB NO. B-1908-5559-005). Written informed consent was obtained from all the participants or their legal guardians before the start of the study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

HJ: Writing – original draft, Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Visualization. TK: Writing – review & editing, Conceptualization, Investigation, Supervision, Validation, Visualization. MP: Writing – review & editing, Conceptualization, Formal analysis, Funding acquisition, Project administration, Supervision.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Moon Seok Park was supported by the National Research Foundation of Korea (NRF-2021S1A5B5A16078027) and the Technology Innovation Program (20007058, Development of safe and comfortable human augmentation hybrid robot suit) funded by the Ministry of Trade, Industry & Energy (MOTIE, Korea) and the Ministry of Education of the Republic of Korea and this work was Supported by grant no. 13-2019-012 from the SNUBH Research Fund. Hee Joung Joung was supported by the Ministry of the Republic of Korea and the National Research Foundation of Korea (NRF-2021S1A5B5A16078027).



Acknowledgments

We gratefully acknowledge all the participants. We also thank all the professionals who participated in this study. In particular, Misun, Yoo, Hyunjoo, Ryu, and Soi, Park.



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/fneur.2024.1443400/full#supplementary-material



References
	 1. Strauss, D, Ojdana, K, Shavelle, R, and Rosenbloom, L. Decline in function and life expectancy of older persons with cerebral palsy. Neurorehabil Neural Repair. (2004) 19:69–78. doi: 10.3233/NRE-2004-19108 
	 2. Peterson, MD, Ryan, JM, Hurvitz, EA, and Mahmoudi, E. Chronic conditions in adults with cerebral palsy. JAMA. (2015) 314:2303–5. doi: 10.1001/jama.2015.11025
	 3. Andersson, C, and Mattsson, E. Adults with cerebral palsy: a survey describing problems, needs, and resources, with special emphasis on locomotion. Dev Med Child Neurol. (2007) 43:76–82. doi: 10.1111/j.1469-8749.2001.tb00719.x 
	 4. Jahnsen, R, Villien, L, Egeland, T, Stanghelle, JK, and Holm, I. Locomotion skills in adults with cerebral palsy. Clin Rehabil. (2004) 18:309–16. doi: 10.1191/0269215504cr735oa
	 5. Zuliani, FG, Fonseca, BHS, Miranda, JMA, Sande de Souza, LAP, and Luvizutto, GJ. A scoping systematic review of dance application as a rehabilitation tool in adults and older individuals with neurological diseases. Phys Ther Rev. (2023) 28:291–302. doi: 10.1080/10833196.2023.2276971
	 6. Dhami, P, Moreno, S, and DeSouza, JF. New framework for rehabilitation–fusion of cognitive and physical rehabilitation: the hope for dancing. Front Psychol. (2015) 5:1478. doi: 10.3389/fpsyg.2014.01478
	 7. Lopez-Ortiz, C, Gaebler-Spira, DJ, McKeeman, SN, McNish, RN, and Green, D. Dance and rehabilitation in cerebral palsy: a systematic search and review. Dev Med Child Neurol. (2019) 61:393–8. doi: 10.1111/dmcn.14064 
	 8. Cherriere, C, Robert, M, Fung, K, Tremblay Racine, F, Tallet, J, and Lemay, M. Is there evidence of benefits associated with dancing in children and adults with cerebral palsy? A scoping review. Disabil Rehabil. (2020) 42:3395–402. doi: 10.1080/09638288.2019.1590866 
	 9. Duarte Machado, E, Cole, MH, Miller, L, McGuckian, TB, and Wilson, PH. The efficacy of dance interventions for the activity and participation of individuals with cerebral palsy - a systematic review and meta-analysis. Disabil Rehabil. (2024) 46:1485–501. doi: 10.1080/09638288.2023.2200259 
	 10. Joung, HJ, Yang, HK, and Lee, Y. Effect of dance on balance, mobility, and activities of daily living in adults with cerebral palsy: a pilot study. Front Neurol. (2021) 12:663060. doi: 10.3389/fneur.2021.663060 
	 11. Terada, K, Satonaka, A, Terada, Y, and Suzuki, N. Training effects of wheelchair dance on aerobic fitness in bedridden individuals with severe athetospastic cerebral palsy rated to GMFCS level V. Eur J Phys Rehabil Med. (2017) 53:744–50. doi: 10.23736/S1973-9087.17.04486-0 
	 12. Teresi, JA, Yu, X, Stewart, AL, and Hays, RD. Guidelines for designing and evaluating feasibility pilot studies. Med Care. (2022) 60:95–103. doi: 10.1097/MLR.0000000000001664 
	 13. Ries, AJ, Novacheck, TF, and Schwartz, MH. The efficacy of ankle-foot orthoses on improving the gait of children with diplegic cerebral palsy: a multiple outcome analysis. PM R. (2015) 7:922–9. doi: 10.1016/j.pmrj.2015.03.005 
	 14. Massaad, A, Assi, A, Skalli, W, and Ghanem, I. Repeatability and validation of gait deviation index in children_ typically developing and cerebral palsy. Gait Posture. (2014) 39:354–8. doi: 10.1016/j.gaitpost.2013.08.001 
	 15. Schwartz, MH, and Rozumalski, A. The gait deviation index: a new comprehensive index of gait pathology. Gait Posture. (2008) 28:351–7. doi: 10.1016/j.gaitpost.2008.05.001 
	 16. Hoffmann, TC, Glasziou, PP, Boutron, I, Milne, R, Perera, R, Moher, D , et al. Better reporting of interventions: template for intervention description and replication (TIDieR) checklist and guide. BMJ. (2014) 348:g1687. doi: 10.1136/bmj.g1687
	 17. Lakes, KD, Sharp, K, Grant-Beuttler, M, Neville, R, Haddad, F, Sunico, R , et al. A six week therapeutic ballet intervention improved gait and inhibitory control in children with cerebral palsy-a pilot study. Front Public Health. (2019) 7:137. doi: 10.3389/fpubh.2019.00137 
	 18. Yi, YG, Jung, SH, and Bang, MS. Emerging issues in cerebral palsy associated with aging: a physiatrist perspective. Ann Rehabil Med. (2019) 43:241–9. doi: 10.5535/arm.2019.43.3.241 
	 19. Palisano, R, Rosenbaum, P, Walter, S, Russell, D, Wood, E, and Galuppi, B. Development and reliability of a system to classify gross motor function in children with cerebral palsy. Dev Med Child Neurol. (1997) 39:214–23. doi: 10.1111/j.1469-8749.1997.tb07414.x
	 20. Jahnsen, R, Aamodt, G, and Rosenbaum, P. Gross motor function classification system used in adults with cerebral palsy: agreement of self-reported versus professional rating. Dev Med Child Neurol. (2006) 48:734–8. doi: 10.1017/S0012162206001575 
	 21. Kinsner-Ovaskainen, A., Lanzoni, M., Delobel, M., Ehlinger, V., Arnaud, C., and Martin, S. Surveillance of cerebral palsy in Europe : Development of the JRC-SCPE Central Database and Public Health Indicators, EUR 28935 EN. Luxembourg: Publications Office of the European Union. (2017).
	 22. Maanum, G, Jahnsen, R, Stanghelle, JK, Sandvik, L, Larsen, KL, and Keller, A. Face and construct validity of the gait deviation index in adults with spastic cerebral palsy. J Rehabil Med. (2012) 44:272–5. doi: 10.2340/16501977-0930 
	 23. Toldi, J, Escobar, J, and Brown, A. Cerebral palsy: sport and exercise considerations. Curr Sports Med Rep. (2021) 20:19–25. doi: 10.1249/JSR.0000000000000798 
	 24. Scheidler, AM, Kinnett-Hopkins, D, Learmonth, YC, Motl, R, and Lopez-Ortiz, C. Targeted ballet program mitigates ataxia and improves balance in females with mild-to-moderate multiple sclerosis. PLoS One. (2018) 13:e0205382. doi: 10.1371/journal.pone.0205382 
	 25. Min, JJ, Kwon, SS, Sung, KH, Lee, KM, Chung, CY, and Park, MS. Factors affecting GDI improvement after single event multilevel surgery in patients with cerebral palsy. Gait Posture. (2020) 80:101–5. doi: 10.1016/j.gaitpost.2020.05.033 
	 26. McGinley, JL, Baker, R, Wolfe, R, and Morris, ME. The reliability of three-dimensional kinematic gait measurements: a systematic review. Gait Posture. (2009) 29:360–9. doi: 10.1016/j.gaitpost.2008.09.003
	 27. Kadaba, MP, Ramakrishnan, HK, and Wootten, ME. Measurement of lower extremity kinematics during level walking. J Orthop Res. (1990) 8:383–92. doi: 10.1002/jor.1100080310
	 28. Lopez-Ortiz, C, Gladden, K, Deon, L, Schmidt, J, Girolami, G, and Gaebler-Spira, D. Dance program for physical rehabilitation and participation in children with cerebral palsy. Arts Health. (2012) 4:39–54. doi: 10.1080/17533015.2011.564193 
	 29. Cohen, L. Statistical power analysis for the behavioral sciences. 2nd ed. New York: Routledge (2013).
	 30. Thaut, MH, and Abiru, M. Rhythmic auditory stimulation in rehabilitation of movement disorders: a review of current research. Music Percept. (2010) 27:263–9. doi: 10.1525/mp.2010.27.4.263
	 31. Rehfeld, K, Luders, A, Hokelmann, A, Lessmann, V, Kaufmann, J, Brigadski, T , et al. Dance training is superior to repetitive physical exercise in inducing brain plasticity in the elderly. PLoS One. (2018) 13:e0196636. doi: 10.1371/journal.pone.0196636 
	 32. Bjornson, KF, Belza, B, Kartin, D, Logsdon, R, McLaughlin, J, and Thompson, EA. The relationship of physical activity to health status and quality of life in cerebral palsy. Pediatr Phys Ther. (2008) 20:247–53. doi: 10.1097/PEP.0b013e318181a959 
	 33. Kim, SJ, Yoo, GE, Shin, YK, and Cho, SR. Gait training for adults with cerebral palsy following harmonic modification in rhythmic auditory stimulation. Ann N Y Acad Sci. (2020) 1473:11–9. doi: 10.1111/nyas.14306 
	 34. Shin, YK, Chong, HJ, Kim, SJ, and Cho, SR. Effect of rhythmic auditory stimulation on hemiplegic gait patterns. Yonsei Med J. (2015) 56:1703–13. doi: 10.3349/ymj.2015.56.6.1703 
	 35. Kim, SJ, Kwak, EE, Park, ES, and Cho, SR. Differential effects of rhythmic auditory stimulation and neurodevelopmental treatment/Bobath on gait patterns in adults with cerebral palsy: a randomized controlled trial. Clin Rehabil. (2012) 26:904–14. doi: 10.1177/0269215511434648
	 36. Gaskin, CJ, and Morris, T. Physical activity, health-related quality of life, and psychosocial functioning of adults with cerebral palsy. J Phys Act Health. (2008) 5:146–57. doi: 10.1123/jpah.5.1.146 
	 37. Usuba, K, Oddson, B, Gauthier, A, and Young, NL. Changes in gross motor function and health-related quality of life in adults with cerebral palsy: an 8-year follow-up study. Arch Phys Med Rehabil. (2014) 95:2071–2077.e1. doi: 10.1016/j.apmr.2014.05.018


Copyright
 © 2024 Joung, Kim and Park. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
REVIEW
published: 18 December 2024
doi: 10.3389/fneur.2024.1501871








[image: image2]

Mental imagery for addressing mechanisms underlying motor impairments in children with attention deficit hyperactivity disorder (ADHD)

Arava Ron Baum1,2, Eric Franklin3, Yael Leitner4 and Amit Abraham1*


1Department of Physical Therapy, School of Health Sciences, Ariel University, Ariel, Israel

2Department of Physical Therapy, Sackler Faculty of Medicine, Tel-Aviv University, Tel-Aviv, Israel

3The International Institute for the Franklin Method, Zurich, Switzerland

4Dana-Dwek Children’s Hospital, Pediatric ADHD Clinic, Sourasky Medical Center, Ichilov, Tel Aviv, Israel

Edited by
 Daniel L. Eaves, Newcastle University, United Kingdom

Reviewed by
 Luigi Bianchi, University of Rome Tor Vergata, Italy
 Kishor Lakshminarayanan, Vellore Institute of Technology (VIT), India

*Correspondence
 Amit Abraham, amitab@ariel.ac.il 

Received 25 September 2024
 Accepted 26 November 2024
 Published 18 December 2024

Citation
 Ron Baum A, Franklin E, Leitner Y and Abraham A (2024) Mental imagery for addressing mechanisms underlying motor impairments in children with attention deficit hyperactivity disorder (ADHD). Front. Neurol. 15:1501871. doi: 10.3389/fneur.2024.1501871
 

Children with attention deficit hyperactivity disorder (ADHD) exhibit various degrees of motor and cognitive impairments in fine and gross motor skills. These impairments impact social functioning, while also hindering academic achievement, self-esteem, and participation. Specifically, motor impairments are not fully addressed by current therapies. For example, approximately 50% of children with ADHD exhibit significant motor impairments, as per clinical measures, while the other 50% experience more impairments in motor planning, execution and control than do typically developed (TD) children. Such findings indicate that ADHD-specific mechanisms may be underpinning motor impairments. In this paper, we outline ADHD impairments in motor planning, execution, and control, and the potential role of two such mechanisms: internal motor representation and timing perception. Next, we suggest mental imagery as an approach for treating ADHD motor impairments, potentially through addressing internal motor representation and timing perception.
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1 ADHD: definitions, etiology and diagnosis

Attention deficit hyperactivity disorder (ADHD) is the most common neurodevelopmental disorder among children and adolescents between the ages of 4–17 in the United States, with a prevalence of approximately 11% (1) and 3.4–10% worldwide (2–6). This clinical condition has a male–female ratio of 2.4–4:1 (1) and is characterized by persistent inattention and/or hyperactivity-impulsivity (1, 7). These symptoms impair academic, educational, social, and leisure activities (1–3, 7) thus impeding daily functioning, self-esteem, and well-being (4, 8).

The clinical presentation of ADHD involves additional motor and cognitive impairments, spanning motor planning, execution, and control (1, 9–11). Further, approximately 70% of children with ADHD present with a coexisting psychiatric (e.g., anxiety) or developmental disorders (e.g., developmental coordination disorder; DCD) (1, 12). Such co-occurrences may aggravate ADHD symptoms’ severity, lead to greater functional impairments, and make diagnosis and treatment more challenging (2, 6, 13–15). In this paper, we discuss ADHD impairments in motor execution, planning, and control, including the existing ambiguity in terms and definitions. We then highlight two mechanisms—internal motor representation of action and timing perception—as potentially underpinning ADHD motor impairments. Lastly, we suggest mental imagery as an appropriate approach for alleviating ADHD motor impairments through addressing those mechanisms in children and adolescents with ADHD.



2 Motor impairments in ADHD

Children with ADHD exhibit impairments in motor planning, execution, and control (11, 16, 17). Such impairments are manifested in both the gross (e.g., jumping, running, object manipulation) (18–23) and fine (e.g., manual dexterity) (22–26) motor skills. Further, impairments in motor planning and control include, among others, decreased accuracy and slower and variable movement time (20, 27, 28) (See Section 2.3). Impairments in motor execution are commonly diagnosed using standardized norm referenced motor tests in which the movements of the study group are compared to those of a normative sample, such as the Movement Assessment Battery for Children (M-ABC-2) (38) and the Bruininks-Oseretsky Test of Motor Proficiency (BOT-2) (30). These tests are, however, commonly used for developmental coordination disorder (DCD) diagnosis (7, 31). This could explain, at least in part, why children with ADHD are occasionally considered as having DCD co-occurrence, even without a comprehensive DCD diagnosis. Specifically, approximately 50% of children with ADHD are diagnosed—based on those standardized norm-referenced motor scales (8–10, 19, 23, 26)—with significant motor impairments, consistent with DCD (8–10, 19, 23, 26). However, current literature using this definition is inconsistent as per subgrouping those with “definite” versus “probable” scores (i.e., a score below 5th percentile or a score between 5th and 15th percentiles, respectively) (31). Further, some studies refer to children with ADHD as a homogenous group (22, 32–34), while others (26, 27, 35, 36) divide them into those with or without DCD/motor impairments based on these standardized motor tests. Interestingly, a few studies have shown that those children with ADHD but without scoring significant levels (i.e., ≥16th percentile) of motor impairments, compared to typically developed (TD) children, however, present decreased motor execution, planning and control (20, 27, 35, 37), thus demonstrating a specified motor profile (signature). These latter findings suggest additional underpinning mechanisms for ADHD motor impairments that are directly linked to ADHD etiology. Yet, the subgroup of children with ADHD as without significant motor impairments (as per standardized tests) is not adequately studied in ADHD research, despite exhibiting motor deficiencies. Therefore, it may be useful to refer to children with ADHD either with clinically detected (i.e., consistent with definite and probable DCD; <15th percentile) or without clinically detected (i.e., consistent without DCD; i.e., ≥16th percentile) motor impairments. Such a subgrouping not only distinguishes ADHD from its DCD co-occurrence, but also allows for better investigating ADHD-specific cognitive-motor mechanisms underpinning impairments in motor planning, execution and control. These current and suggested ADHD subgroupings are illustrated in Figure 1.

[image: Illustration showing a sequence of a hand shooting a basketball into a hoop, labeled A to D. In A and B, the ball misses the hoop. In C, the ball bounces off the rim. In D, the ball successfully enters the hoop.]

FIGURE 1
 A metaphorical representation of ADHD population’s subgroups, based on clinical and motor control tests. Throw’s outcome represents clinical tests’ (e.g., M-ABC-2) scores: hit = ≥16th percentile, partial miss = 5th–15th percentile, complete miss = <5th percentile; Ball trajectory represents motor control (i.e., accuracy, response time) impairments: smooth = no impairments, jerky = impairments; (A) ADHD with significant motor impairments and motor control impairments (complete miss and jerky trajectory), (B) ADHD with probable/mild to moderate motor impairments with motor control impairments (partial miss and jerky trajectory), (C) ADHD without motor impairments and with motor control impairments (hit with jerky trajectory), (D) Typically developed (hit with smooth trajectory). Subgroups (A,B) are also labeled “ADHD with clinically detected motor impairmentsˮ and subgroup (C) is also labeled “ADHD with no clinically detected motor impairmentsˮ (Drawn by Eric Franklin).



2.1 Motor execution impairments in ADHD

Motor execution impairments in children with ADHD are exhibited in a variety of tasks, such as walking, hopping, and ball and balance skills. Several studies found motor execution impairments in children with ADHD compared to TD, with only some of these studies subgrouping the ADHD population into with or without DCD (Table 1). These studies used standardized clinical tests (e.g., M-ABC-2, BOT2) (30, 38) and found that 30–60% of children with ADHD exhibited significant motor impairments in jumping, balance, manual dexterity, and ball skills (18, 22, 25, 32, 37) (Table 1). Further, studies that sub-grouped the ADHD population into with and without DCD showed that both subgroups exhibited motor impairments.



TABLE 1 Motor execution impairments in children with ADHD.
[image: Table comparing participants with and without ADHD, focusing on subgrouping, outcome measures, and main findings. It includes varied tasks like balance and motor skill assessments. Key results show decreased performance in ADHD groups, with specific references to statistical significance.]



2.2 Motor planning and control impairments in ADHD

Motor planning and control impairments in ADHD include increased movement variability (20, 27, 28, 39, 40), timing deficiencies, timing variability and misperception (20, 27, 28, 34, 39), decreased movement accuracy (27, 28), increased execution time (27, 39, 40), and slow and variable reaction time (20, 28) (Table 2). Specifically, increased reaction time has been suggested to relate to impaired motor planning (11, 17) and to underlie altered inhibition intertwined with executive functions (11). Such impairments have been identified in a variety of tasks, including finger tapping (20, 27, 28, 40), jumping (39), and walking (34) (Table 2). Numerous studies have suggested that impairments in motor planning and control in children with ADHD could be attributed, at least in part, to impairments in timing perception (17, 20, 41), movement timing related circuitry in the cerebellum and basal ganglia (20), disturbed visuospatial working memory, inaccurate processing of the motor commands, dependence on visual feed-back during movement execution, and problems with internal representations of objects and visual space (20, 27, 35). Interestingly, a few studies that assessed motor planning and control in ADHD, and sub-grouped participants into ADHD with and without clinically detected motor impairments, found decreased motor control in both groups, compared to TD children (27, 35, 36). These findings support the role of ADHD itself—regardless of DCD—in motor planning and control impairments in children with ADHD.



TABLE 2 Motor planning and control impairments in children with ADHD.
[image: A table displays studies on ADHD, detailing participants, subgroups, tasks, outcome measures, and main findings. Each row outlines different age groups, tasks like finger tapping, and outcomes such as speed variability and movement accuracy. Findings highlight variability in stride length, movement impairment, and reaction times among ADHD groups. Descriptions include statistical significance values and comparisons between ADHD subgroups, those with developmental coordination disorder (DCD), and typically developing (TD) children. Statistical notations and measure acronyms such as M-ABC-2 are noted.]




3 Suggested mechanisms underpinning motor impairments in ADHD

The reasons for impairments in motor execution, planning, and control in children with ADHD are not fully understood, with numerous mechanisms being proposed (Figure 2). Among those mechanisms are DCD co-occurrence (9, 10, 21), ADHD core symptoms (9, 10, 22, 40), and executive functions (working memory, inhibition, and set shifting) (17, 42–44). Timing perception (20, 27, 39, 45) and internal motor representation of action (herein referred to as motor representation) mechanisms (20, 35, 41) have been less researched, although both potentially rely on—and thus share—the neuro-cognitive networks associated with motor planning (46–48). All of these mechanisms are likely to be intertwined and involve numerous brain regions (e.g., cerebellum, basal ganglia, thalamus, and frontal and prefrontal cortices) (49). For example, dopaminergic pathways involving dopamine and noradrenaline, particularly in the mesocortical, mesolimbic, and nigrostriatal areas, have been suggested to be associated with decreased attention, restlessness, impaired learning (50), executive functions (1, 43), motivational behavior (1), and timing (48, 51). A meta-analysis of functional magnetic resonance imaging (fMRI) studies of executive functions suggested that children with ADHD demonstrate cognitive-domain dissociated multisystem impairments in several right and left hemispheric dorsal, ventral, and medial fronto-cingulo-striato-thalamic and fronto-parieto-cerebellar networks, all of which mediate cognitive control, attention, timing, and working memory (48). Also, the inferior frontal cortex-parieto-cerebellar is one pathway that has been particularly associated with timing deficits (48).

[image: Illustration of a fish tank with a cognitive and motor function theme. On the left, a brain labeled "Cognitive" is connected with arrows to various sea creatures in the center. The creatures transition to a child holding a basketball labeled "Motor" on the right. The setting includes aquatic plants and a sandy bottom.]

FIGURE 2
 A metaphorical model of suggested cognitive-motor mechanisms underlying ADHD motor impairments. [image: Illustration of an orange clownfish with white stripes and black outlines. The fish is depicted with exaggerated features, giving it a cartoonish appearance, swimming to the right.], DCD co-occurrence; [image: A simple, cartoon-style illustration of a red crab with a round body, small eyes on stalks, and a smile. It has two large claws raised upward.], Executive Functions; [image: Illustration of a green fish with a round body, large eyes, and yellow fins and tail. The fish appears cartoon-like and simplistic in design.], ADHD Core Symptoms; [image: Illustration of an orange seahorse with a curled tail, textured body, and prominent fins.], Timing; [image: A cartoon-style illustration of a yellow and blue fish with a large eye and striped pattern on its body, swimming to the left.], Mental Representations (Drawn by Eric Franklin).


Specifically, the high co-occurrence of DCD with ADHD in children suggests the role of the former in ADHD motor impairments, including learning and executing coordinated movements (31, 52, 53), thus resulting in low and slow motor performance (52–54). The role of ADHD core symptoms (inattention, hyperactivity, and impulsivity) in ADHD motor impairments is suggested by children with ADHD who are not clinically detected on the DCD standardized measures, and still exhibit motor impairments than TD children (26, 27, 35, 36). This clinical presentation is supported by research showing a positive correlation between ADHD core symptoms and impairments in motor execution and control (22, 40). A study comparing 42 children with ADHD and 42 age-matched TD (M age: 8.25 years) (22) found that level of attention and impulse control (based on Gordon Diagnostic System) predicted lower performance in balance and visual-motor control (Bruininks-Oseretsky Test of Motor Proficiency-BOTOMP) (55). Additional evidence for the possible interaction of ADHD core symptoms with ADHD motor impairments can be found in the positive effect of stimulant therapies on ADHD motor impairments (19, 34). Lastly, the role of executive functions in ADHD motor impairments is supported by literature reporting that children with ADHD exhibit deficits in brain regions (e.g., prefrontal cortex) that are involved in executive functions (4, 48, 56). Other studies have found positive correlations between deficits in executive functions and levels of ADHD motor impairments (17, 44).

Tracking the path of causality between either of these mechanisms—as well as the interaction among them—and ADHD motor impairments is, however, challenging for numerous reasons. For example, neuro-imaging findings do not perfectly correlate with motor impairments (49), ADHD core symptoms of inattention and hyperactivity do not always correlate with motor impairments (35), and medications for ADHD do not fully alleviate ADHD motor impairments (19, 34). The role of the other two mechanisms—motor representation and timing perception—is detailed below.


3.1 Internal motor representation of action

Internal motor representation of action (aka motor representation) refers to one’s mental depiction of an action, including its spatio-temporal characteristics and effect (57, 58). This cognitive image relies on, among others, one’s previous experience with, and understanding of, the task (57, 58). Motor representation is part of the internal forward model, a neural framework that simulates the body’s dynamic behavior and predicts its effect in relation to the environment (35, 57, 59, 60). Of note, using motor representation implies mentally imaging (simulating) the task in one’s mind, a process known as motor imagery. This simulation process underlies successful motor planning, execution, and control (57, 61–63). To date, the role of motor representation in motor impairments in children has been mostly studied with regards to DCD (36, 57, 64–66). However, deficits in motor representation could be also reflected in ADHD impairments in motor execution and control, such as timing misperception and reduced accuracy (20, 27, 41), as well as in cognitive tasks (35, 36). For example, children with ADHD (N = 32; M age: 9.9 years) exhibited significantly more errors than TD children (N = 31; M age: 10.2 years) on both visually interrupted and non-interrupted drawing tasks, with a greater difference in the former (41). However, no between-group differences were detected on two basic motor dexterity tasks. The authors concluded that ADHD motor impairments could be due to problems with motor representation more so than any problems with basic motor dexterity issues (41).



3.2 Timing perception

One likely mechanism associated with motor representation is timing perception (herein referred to as timing) of motor tasks (20, 28, 39). Children with ADHD exhibit altered brain activity in areas associated with timing (45, 48), which may underpin impaired rhythmicity (34, 37, 39), greater variability in movement time (20, 27, 28, 39), reduced accuracy (27, 28), and slower reaction time (17, 40). Further, children with ADHD exhibit greater difficulties in following cued (compared to non-cued) and changing (compared to constant) rhythmic movements (27, 37, 39). A study with 545 participants (age range: 5–19 years) evaluated timing properties of manual tasks (externally cued and non-cued maximal speed press-a-button, and tapping) in children with ADHD, their affected and non-affected siblings, and controls (28). Results showed that on the externally cued press-a-button task, children with ADHD and their affected siblings exhibited decreased accuracy and increased variability, while non-affected siblings showed increased variability only, compared to controls. On the non-cued maximal speed press-a-button task, both children with ADHD and their affected siblings exhibited slower and more variable performance, compared to controls. Non-affected siblings exhibited no differences from controls. On the self-generated tapping task, no between-groups differences were detected. The authors suggested that timing variability, accuracy, and speed could be all genetically linked to ADHD etiology, with the former being most clearly associated. Other studies investigated timing properties of jumping tasks in children with ADHD (37, 39). One study compared rope jumping under cued constant and variable tempo among ten children with ADHD (M age: 9.6 ± 1.27 years) and 10 TD (M age: 9.9 ± 1.54 years) (39). The ADHD group exhibited greater hand-foot deviation time (i.e., temporal synchronization) in both constant and variable tasks, as well as increased timing variability of the foot and rope whirling, separately. Another study investigated jumping jacks spatio-temporal kinematics in 17 children with ADHD with DCD (M age: 8.5 ± 1.25 years) and 20 TD children (M age: 9 ± 0.95 years) (37). Results showed that the ADHD with DCD group exhibited greater impairments in upper-lower limbs coordination (measured by number of correct jumps), higher jerk (i.e., reduced movement smoothness), and greater performance time variability, than did the TD group.




4 Current therapies for ADHD

Currently available pharmaceutical and non-pharmaceutical therapies for ADHD (67) focus on a multimodal approach (68, 69) that combines stimulants (e.g., Methylphenidate, Amphetamine) and behavioral therapy (e.g., parental and children training to support children’s positive behaviors (3), neurofeedback (70)). Such a combined approach is considered most effective (1, 4, 67, 71). As per pharmaceutical therapies, approximately 70–80% of individuals with ADHD have been found to respond positively (i.e., decreased symptoms and improved cognitive and behavioral functioning) to stimulants (1, 42, 67). Further, medications have also improved motor execution in children with ADHD, further supporting the role of ADHD core symptoms in motor impairments (19, 34). Studies into non-pharmaceutical—namely physical exercise—therapies for ADHD suggest some positive effects of multi-faceted exercise training programs on short- and long-term physical, cognitive, mental, and social well-being of children with ADHD (72, 73). Some studies, however, lack details regarding interventions’ characteristics (e.g., duration, exercise descriptors), and vary in methodologies (72–74). One study (75) assessed the effects of a moderate- to high-intensity physical activity program on fitness, motor skills, cognitive functions, and ADHD-related behavior in middle school age children with ADHD who did versus did not receive a 10-week physical activity program (including warm-up, progressive aerobic, muscular, and motor skills exercises and cool down). Results showed that the program improved locomotion and raw motor score (measured by the Test of Gross Motor Development, 2nd Edition; TGMD2) (76) and the number of push-ups). However, while current ADHD clinical guidelines refer to assessing co-morbidities, they do not address motor assessment or treatment (2, 4, 6, 15). Therefore, only half of children with ADHD with clinically detected motor impairments are eligible for physical therapy treatments designed to improve motor impairments (8).

Limited research only suggests cognitive training to enhance motor performance in children with ADHD (77, 78). One study (78) assessed the effect of a 12-week intervention of a problem-solving approach [Cognitive Orientation to daily Occupational Performance (Co-Op)] (79) on motor performance (measured by Bruininks–Oseretsky Test of Motor Proficiency; BOTOMP) (55) in children with ADHD (N = 6; age range: 7–12 years) (78). Results showed improvements in motor performance in 5 out of the 6 participants. One research-based approach that merges motor and cognitive components is mental imagery (80). Such an approach could serve as a promising avenue for treating cognitive-motor impairments in children with ADHD, as described below.



5 Mental imagery for addressing motor impairments in ADHD

One promising—yet understudied—approach for addressing motor (35, 81) and non-motor (82) impairments in children with ADHD is mental imagery. Mental imagery is the cognitive process of creating any (e.g., visual, kinesthetic, auditory) experience in the mind (83). Specifically, mentally imaging movement—known as motor imagery (MI)—is typically performed without overt physical execution (84–86). Using and relying on the motor task’s efference copy (i.e., internal model) (59), MI involves predicting and simulating somatosensory and functional consequences of the imaged movement or motor task (57, 58, 87). As such, MI can be used for practicing and enhancing motor planning, execution, and control (57, 88, 89), including when actual movement is impaired or not possible (due to injury, for example). The beneficial effect of MI on motor and non-motor spheres of performance have been widely documented (60, 85, 86, 90). Further, MI serves for studying motor representation as well as a method for updating and enhancing it (89, 91). Such updates following MI could possibly be due, in part, to the absence of motor and non-motor constraints (e.g., physical limitations, fatigue, pain, fear avoidance) that are often associated with physical execution (80). Recent literature has shown the benefits of mental imagery combined with actual movement (92–94). Such cognitive-motor dyads—namely dynamic motor imagery (83, 94, 95) or dynamic neuro-cognitive imagery (DNI) (93, 96)—have been shown to benefit motor performance in various populations. Their potential for ameliorating motor planning, execution, and control in children with ADHD through various mechanisms (e.g., attentional focus) is yet to be revealed.

The interaction between motor representation and timing is particularly relevant within the context of MI (57, 97). Given that both actual and imaged movements involve retrieval of task-specific spatio-temporal information from long term memory (61, 98), both types of movements rely on the same central mechanisms (88), including motor representation (99) and timing. As such, it is not surprising that actual and imaged movements exhibit spatial (i.e., brain activity) (100) and temporal (i.e., time duration; aka chronometry) (101, 102) similarities. Specifically, chronometry provides information about the individual’s temporal organization of the motor task and the ability to preserve it (101), which is one feature of motor representation (103). These spatial and temporal similarities are used for measuring and training cognitive-motor competencies in research and clinical settings.

Children with motor impairments, including ADHD, may experience difficulties in accurately mentally imaging motor tasks (65, 104). Such difficulties could be explained by, at least in part, deficient motor experience that results in compromised motor representation (58, 105). The majority of research into MI in children has focused, however, on DCD (65, 106) and found diminished MI ability in hand mental rotation and visually guided point tasks (57, 97, 104, 107). Such impairments in MI ability are suggested to support the internal deficit model in DCD (59, 97), in which there is a difficulty in “picturing” the desired movement and comparing it to the actual executed movement (106). Limited research into MI abilities in ADHD found reduced MI ability in children with ADHD with and without DCD, with the latter subgroup exhibiting better ability (35, 36). One study compared MI ability (measured by difficulty index, defined as the speed-target width-difficulty relation during real and imaged visually guided point task) among 4 groups of children (age range: 8–12 years): ADHD with DCD (N = 14), ADHD without DCD (N = 14), DCD only (N = 15), and TD (N = 15). Results showed that both ADHD groups and the TD group exhibited better MI ability compared to the DCD only group (36). Further interestingly, both ADHD groups exhibited slower MI compared to the TD group, however faster than the DCD only group. A follow-up study added measures of attention (The Test of Everyday Attention for Children; TEA-Ch (108)), Conners parents’ ratings (109), working memory (Cambridge Neuropsychological Test Automated Battery; CANTAB (110)) as well as a mental rotation task for the same four groups of children (age range: 7–12 years) (35). Results showed reduced accuracy in the mental rotation task in the DCD groups, compared to the TD group. On the visually guided pointed task, both ADHD groups, unlike the DCD only group, imaged movements conformed to the speed-target width difficulty relation. Interestingly, however, no correlations were detected between these results and either attention, sustained attention or working memory. The authors suggested that deficits in MI ability may underlie, or at least contribute to, some of the motor impairments in ADHD. While the association between MI abilities and ADHD motor impairments has not been empirically established, the results of these studies promote MI as a relevant therapeutic avenue for children with ADHD. Specifically, the similarity in MI abilities between children with ADHD with various degrees of motor impairments (i.e., with and without DCD) further supports MI’s suitability for the whole spectrum of ADHD motor impairments. This view aligns with previous recommendations for integrating MI within pediatric rehabilitation (111). Further, the impairments in MI ability detected in children with ADHD compared to TD children should not discourage clinicians from using MI in this population, given previous literature demonstrating gains in participants’ views towards MI and MI abilities, following MI training (112, 113).

As per MI training, a significant body of evidence supports the beneficial effects of MI training on motor execution and control (e.g., movement speed, accuracy) in children (60, 90), including those with DCD (114). One study (81) with 60 adolescents with ADHD (age range: 12–17 years) compared the effect of a single session of four types of interventions (MI, physical practice, combined MI and physical practice, and control) on a dart throwing task. No details regarding the MI contents were provided. Results showed no difference among groups in throwing scores at baseline. The retention (one-day) test showed that the combined intervention resulted in significantly better throwing scores compared to all other groups. The physical practice group had significantly better throwing scores compared to the MI and control groups, and the MI group had significantly better throwing scores than the control group. This study highlights that adolescents with ADHD may benefit from MI for improving motor execution. Another study (82) assessed the effect of a 6-month imagery-movement (“attention education”) training on attention control, using the Conners’ continuous performance test (CPT) for vigilance and attention (115) in 30 children (age range: 6–9 years) with ADHD (intervention: N = 17; control: N = 13). The intervention involved teachers’ participation in guiding the children in attentional control strategies, including 25 exercises of visual, kinesthetic, and auditory MI, and transferring them into academic activities. Some of the exercises included actual movement. Results showed that the intervention group improved in CPT reaction time compared to the control group. Of note, however, no studies to date have explored the simultaneous combination of imagery and movement for addressing motor and cognitive impairments in children with ADHD.



6 Conclusion

Children with ADHD exhibit various degrees of impairment in motor planning, execution, and control, compared to TD children. Assessment of these impairments relies mostly on standardized functional motor tests. Such a reality may overlook children with ADHD who present—based on these clinical tests—no or non-significant impairments, and yet exhibit motor-functional impairments that impede social functioning. Timing perception and internal representation are two suggested—yet under researched—mechanisms to underpin ADHD motor impairments in ADHD. Deficiencies in these mechanisms may impact children’s ability to mentally image movement. If so, children with and without clinically detected motor impairments stand to benefit from using various subtypes of mental imagery. Integrating mental imagery within ADHD management may enhance motor skill planning, execution, and control. Such gains could be due to mental imagery addressing, among others, timing perception and motor representation. The potential of mental imagery in identifying and treating cognitive and motor impairments in ADHD advocates continued research into novel applications for ADHD management and treatment protocols.
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Background: Amyotrophic lateral sclerosis (ALS) is a chronic, progressive disease that affects both upper and lower motor neurons. Some physicians have used traditional Chinese therapies (TCT) to treat ALS. However, there has been no systematic review or meta-analysis to evaluate the effectiveness and safety of TCT interventions. This review aims to analyze the effects of TCT interventions for patients with amyotrophic lateral sclerosis.
Methods and analysis: This study will include randomized, non-randomized, and quasi-experimental clinical trials, with participants being any age Amyotrophic Lateral Sclerosis (ALS) patients who have undergone TCT treatment. Two researchers will independently search databases including CENTRAL, PubMed, PEDro, EMBASE, CNKI, CBM, and SPORTDiscus, without restrictions on language or publication date. These researchers will independently screen titles and abstracts and extract data from the included studies. If deemed suitable for meta-analysis, data synthesis will be conducted using Review Manager V.5.3 software; any discrepancies will be resolved by a third researcher. The meta-analysis will compare the effects of TCT with placebo or other interventions. The main endpoint evaluated was the decrease in the overall score of the Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised (ALSFRS-R; scoring from 0 to 48, where higher scores denote greater functionality) over a period of 24 weeks. Additional endpoints included the reduction rates in isometric muscle power, levels of phosphorylated axonal neurofilament H subunits in plasma, and slow vital capacity measurements. Furthermore, the study monitored the duration until occurrence of death, tracheostomy, or the need for long-term ventilation, as well as the time until death, tracheostomy, long-term ventilation, or hospital admission.
Ethics and dissemination: Throughout the entire process of this systematic review, no personal information was used, hence ethical review is not required. The results of this meta-analysis will be disseminated through publication in peer-reviewed journals and/or conference presentations.

Keywords
 traditional Chinese therapies; amyotrophic lateral sclerosis; protocol; ALS; meta-analysis


Introduction

Amyotrophic Lateral Sclerosis (ALS), also known as Lou Gehrig’s disease, is a devastating neurodegenerative disorder characterized by the progressive degeneration and death of both upper and lower motor neurons (1). This leads to the loss of muscle control, resulting in weakness, paralysis, and ultimately respiratory failure. While medications such as riluzole, edaravone (Radicava), and tofersen (Qualsody) have been approved in the United States, and riluzole and tofersen are also available in Europe, these treatments do not cure the disease but primarily manage symptoms. In Japan, mecobalamin (Rozebalamin) has been approved, and South Korea has approved a stem cell therapy, although these approvals are based on limited data (2, 3). Additionally, microRNA therapy via adeno-associated virus (AAV) has been used in a few SOD1 mutation patients, with one patient showing improvement. Neurofilament light chain (NfL) is recognized as a biomarker in ALS disease progression and is used in clinical trials (4, 5). Despite extensive research efforts, treatment options for ALS remain limited. Current therapies can only moderately slow disease progression and alleviate some symptoms, leaving patients with limited treatment options and poor prognosis.

In recent years, there has been growing interest in Traditional Chinese Treatment (TCT) as an alternative or complementary therapy for ALS (6). TCT encompasses a rich history and holistic health approaches, including various interventions such as herbal medicine, acupuncture, and massage therapy. These treatments are based on the principle of restoring the balance of Qi and blood in the body, which is believed to be disrupted in the ALS process (7). However, the evidence base for the efficacy of TCT in ALS is currently limited, involving small patient populations and short study durations (8).

The effective mechanism of TCT treatment for ALS is still unclear. Although some clinical studies have shown positive results, the lack of standardized protocols and a comprehensive understanding of the underlying mechanisms have hindered the acceptance and integration of TCT into Western medical practice (8). This systematic review and meta-analysis aim to fill this gap by examining the efficacy and safety of various TCT treatments in ALS patients. By integrating data from multiple studies, we will evaluate the impact of (TCT) intervention on motor function, respiratory function, swallowing, and voice, providing a more reliable evidence base for its role in ALS treatment. This review will contribute to the growing evidence supporting the use of TCT in ALS management and provide valuable insights for clinicians and researchers in the field.



Methods and analysis study registration

This systematic review protocol has been registered in the International Prospective Register of Systematic Reviews (PROSPERO) with the registration number CRD42023404689. All research steps will adhere to the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (9).


Patient and public involvement

In this study, no patients or other individuals were involved in the design, execution, reporting, or dissemination.



Ethics and communication

This study is a systematic review. It does not collect private information from individual patients, and therefore does not require ethical review approval.



Inclusion and exclusion criteria


Types of studies

All randomized, non-randomized, and quasi-experimental clinical trials will be included in the study, with no restrictions on publication time and language. Other types of studies, including reviews, animal experiments, theoretical discussions, case reports, conference papers, letters to the editor, and non-randomized controlled trials, will be excluded.



Types of participants

This study will include participants with ALS, regardless of age, occupation, and educational background. The diagnosis is based on the 2020 diagnostic criteria for Amyotrophic Lateral Sclerosis (Gold Coast criteria) recognized by the IFCN, WFN, ALS Association, and MND Association (10). Randomized, non-randomized, and quasi-experimental clinical trials of traditional Chinese medicine interventions in ALS patients will be evaluated. If crossover studies provide separate data for traditional Chinese medicine interventions (control and experimental), they will also be included.



Types of interventions

The intervention measures will include “Traditional Chinese Medicine” (Mesh term), acupuncture, herbal therapy, or massage therapy. All methods are derived from traditional Chinese medicine. Studies that are not related to the treatment of traditional Chinese medicine will be excluded.



Types of comparisons

The treatment method for the control group is not restricted. Therefore, the treatment for the control group can include no treatment at all, the use of a placebo, or any other control treatment deemed appropriate for comparison.



Types of outcome measures primary outcome

	1. The primary outcomes will be the peripheral muscle strength assessed by manual muscle testing, muscle strength grading scales, and hand-held dynamometry.
	2. Secondary outcomes will include function assessed by the Amyotrophic Lateral Sclerosis Function Score Scale-Revised Edition; Muscle activation as assessed by electromyography; Fatigue severity scale was used to evaluate the fatigue degree.




Data sources and search strategies

Two independent reviewers (RL and TB) will conduct unrestricted searches of the following databases from their inception to October 1, 2022, to identify eligible publications: CENTRAL, Medline, PEDro, EMBASE, CNKI, CBM, and SPORTDiscus. The search strategy for the Medline (via PubMed) database was developed according to the Cochrane Handbook guidelines (see Table 1). The same search strategy will be used for other databases with appropriate adjustments for syntax. Before completing this review, these two reviewers will conduct another search to ensure the inclusion of the most recent studies.



TABLE 1 The search strategy for PubMed.
[image: Table showing search terms and strategies for a study. Subject headings include "amyotrophic lateral sclerosis[Mesh]". Free text includes "amyotrophic lateral sclerosis OR ALS". Intervention terms cover "traditional Chinese medicine”[Mesh] OR acupuncture OR herbal medicine OR massage therapy". Study types listed are "randomized controlled trial[ptyp] OR non-randomized controlled trial[ptyp] OR quasi-experimental study[ptyp]". No restrictions for language and publication date are applied to include all relevant studies.]



Selection of studies

This systematic literature review will run from October 24, 2023, to May 10, 2024 (see Figure 1). All researchers have been trained to ensure they have a basic understanding of the background and purpose of this review. After the electronic search, relevant records will be uploaded to a database created by EndNote 21 software. Records selected from other sources will also be added to this database. Two researchers (BL and PX) will independently screen the titles, abstracts, and keywords of all retrieved studies and identify trials that meet the inclusion criteria. The full texts of all potentially relevant studies will be collected for further evaluation, and excluded studies will be documented with explanations. Any discrepancies will be resolved through discussion between the two researchers, and if necessary, a third researcher (TZ) will be involved in arbitration.

[image: Flowchart illustrating a study selection process. It begins with databases like CENTRAL, PubMed, and others for title and abstract screening. Inclusion criteria: RCTs, ALS patients, TCT interventions, any control treatment. Exclusion criteria: Non-ALS patients, certain studies, and non-TCT interventions. Following independent assessment and data extraction, data analysis is conducted.]

FIGURE 1
 Flowchart of literature screening.




Data extraction and management

All reviewers will collaboratively design a unified data extraction form. Then, two reviewers (RL and PX) will independently extract data in the following areas: basic information, participant characteristics, methods, interventions, outcomes, adverse events, and other relevant information. Any discrepancies will be discussed between these two reviewers, and if a consensus cannot be reached, a third author (TZ) will act as an arbitrator.



Accounting for missing data

In handling missing data in the study, we will make every effort to contact the corresponding authors by email to supplement incomplete information. If the missing data cannot be filled, assumptions will be made according to the Cochrane guidelines for situations of “random missing” and “non-random missing” (11). For random missing data, only the existing data will be analyzed; in the case of non-random missing data, missing values will be estimated and the stability of the results will be tested through sensitivity analysis.



Assessment of risk of bias

The potential for bias in the studies will be evaluated by two reviewers (HZ and FH) using a suitable tool from the Cochrane Collaboration. The bias risk in the selected studies will be assessed based on the following criteria: sequence generation; concealment of allocation; blinding of participants, staff, and outcome assessors; incomplete outcome data; selective outcome reporting; and other potential sources. The evaluations will be categorized as ‘low risk’, ‘high risk’, or ‘unclear risk’ (12).



Data analysis and synthesis

Review Manager V.5.3 software will be utilized for data analysis and quantitative synthesis. For continuous data, the standardized mean differences with 95% confidence intervals will be employed to evaluate treatment effects. For dichotomous data, risk ratios with 95% confidence intervals will be applied. Depending on data heterogeneity, either a random effects model (I2 < 50%) or a fixed effects model (I2 ≥ 50%) will be used for analysis. Furthermore, if heterogeneity is deemed significant, subgroup or sensitivity analyses will be conducted to pinpoint its origin. In cases where data is inadequate for quantitative analysis, a descriptive analysis will be performed.


Subgroup analysis

If the results show high heterogeneity, sub-group analyses will be conducted based on the type of TCT intervention, the severity of muscle strength loss, the duration of treatment, and other relevant parameters.



Sensitivity analysis

A sensitivity analysis will be conducted by reassessing methodological quality, study type, sample size, missing data, and other potential factors to confirm the reliability of the primary findings. Should a significant discrepancy arise, the cause of the difference will be rigorously examined.




Assessment of reporting biases

If more than eight study reports measure the same results, we will use funnel plots and Egger’s regression test to assess reporting bias.



Grading the quality of evidence

The Grading of Recommendations Assessment, Development and Evaluation (GRADE) working group’s methodology will be employed to evaluate the quality of evidence for all outcomes (13). The assessment will encompass six domains: risk of bias, consistency, directness, precision, publication bias, and additional points. These evaluations will be categorized as ‘high’, ‘moderate’, ‘low’, or ‘very low’.




Discussion

TCT is a medical system with a profound history and a rich theoretical framework, the origins of which can be traced back to the Shang Dynasty (1766–1,122 BC) (14). With the migration of Chinese people and the spread of culture, TCT has gradually spread to East Asia and other regions. As global attention turns to traditional medicine, many countries have begun to value the research on TCT, especially in Europe and America (15). An increasing number of research institutions and universities have established research centers for TCT, conducting basic research and clinical trials (16). These studies not only enrich the clinical applications of TCT but also provide a scientific basis for its international acceptance. To evaluate the actual effects of TCT in ALS patients, researchers have developed the ALS-SSIT (Amyotrophic Lateral Sclerosis Synthetic TCT Efficacy Evaluation Tool), which is considered a feasible, reliable, and sensitive evaluation method (17). With this tool, clinicians can better monitor patients’ changes during the process of integrated Chinese and Western medicine treatment. In addition to protocols based on traditional Chinese medicine, there are other specific protocols available for the diagnosis and management of ALS. Research results show that in the early stages of the disease, patients’ oral and pharyngeal structures are affected, manifesting as voice changes and difficulty swallowing. Multidisciplinary teamwork, including otolaryngology, is undoubtedly very important in the diagnosis and treatment of bulbar muscular atrophy ALS (18). Additionally, studies have found that acoustic analysis and pronunciation analysis help identify early signs of bulbar muscular atrophy ALS and assist in identifying changes in voice parameters for early detection and prediction of the involvement and disease progression of bulbar muscular atrophy ALS, as well as targeted intervention (19).

Riluzole and edaravone have achieved certain positive effects in the treatment of Amyotrophic Lateral Sclerosis (ALS), although these effects may not be significant (10, 20). Riluzole was the first drug approved by the U.S. Food and Drug Administration (FDA) for the treatment of ALS. Its mechanism of action is not fully understood but is speculated to reduce glutamatergic neurotransmission by blocking voltage-gated sodium channels on the presynaptic neuronal membrane. Riluzole is relatively safe, although the most common side effects include elevated liver enzyme levels and fatigue (21). Edaravone is considered to slow disease progression in highly selective early-onset and rapidly progressing ALS patients. It has been approved by the FDA but has not yet received approval from the European Medicines Agency (EMA) (22). However, whether edaravone should be provided to all ALS patients regardless of clinical presentation remains controversial. Tofersen, a muscle relaxant, has shown effects of slowing disease progression in some patients and improving function in others in a phase II randomized controlled trial in patients with ALS. These preliminary research results bring new hope to the field of ALS treatment, but more research is needed to confirm these findings and further explore their potential therapeutic mechanisms (20).

In recent medical research, the treatment of ALS has received increasing attention. The combination of TCT and Modern medicine, especially in the context of new drugs combined with TCT, has shown a promising future. Multiple clinical studies are exploring the effectiveness of integrated TCT and Modern medicine in the treatment of ALS. For example, clinical trials of integrated TCT and Modern medicine have shown that the treatment group combining TCT and Modern medicine has more significant improvements in functional outcomes and quality of life compared to Modern medicine alone. In these studies, patients receiving standard Modern medicine treatment also used specific Chinese herbal formulas, and the results showed significant improvements in muscle strength and motor ability. As ALS is such a novel disease, it is necessary to analyze the efficacy and safety of TCT as a treatment. Our research may provide evidence for evaluating TCT as a treatment for ALS. These results may provide insights for clinicians treating ALS and can serve as guidelines for TCT (23).



Strengths and limitations of this study

	1. This study employed an extensive search strategy, covering seven databases and including English and Chinese language sources, which increased the likelihood of identifying all relevant studies on TCT interventions for ALS.
	2. Inclusion of diverse study designs: by incorporating randomized, non-randomized, and quasi-experimental clinical trials, this review offers a more comprehensive assessment of the efficacy and safety of TCT interventions.
	3. Independent data extraction and analysis: utilizing two independent researchers for data screening, extraction, and synthesis minimized the risk of bias and ensured the reliability of the findings.
	4. Publication bias: there is a risk of publication bias, as studies with negative or non-significant results may be less likely to be published. This could affect the overall conclusions of the meta-analysis.
	5. Quality of included studies: the inclusion of non-randomized and quasi-experimental studies may introduce methodological limitations, which could impact the validity of the findings.
	6. Heterogeneity of interventions: TCT interventions can vary widely, making it challenging to compare and synthesize the results across different studies.
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Children with autistic spectrum disorder can imagine actions— what can this reveal about the Broken Mirror Hypothesis?
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Objective: This study investigated whether children with Autistic Spectrum Disorder (ASD) can imagine object directed actions similarly to their typically developed (TD) peers.
Study design: We tested the ability to imagine goal directed actions in children with ASD (n = 18) and TD (n = 18) peers by means of VMIQ-2 questionnaire and a novel behavioral task, in which children were requested to imagine some daily actions, after seeing them through videoclips presented on a computer screen. Observed actions lasted 4 s and children were requested to follow the same time course during imagination. During this motor imagery (MI) task, children were interrupted at a specific timepoint (e.g., at 1.5 s) from the beginning of the task. Afterwards, they had to select one of two frames extracted from the videoclips: one showed the correct timepoint at which the imagined action was stopped, the other depicted an earlier or later timepoint. Children had to press the key associated to the correct frame to provide their responses.
Results: Both groups performed similarly in the questionnaire and in the novel MI task, where they showed the same error rate. Errors distribution suggests that all children exploited a similar strategy to solve the task, being errors mainly distributed in judging the later frame.
Conclusion: These findings support the view that children with ASD can imagine actions similarly to their TD peers. These results do not fully support the Broken Mirror Hypothesis and may encourage the use of MI as a cognitive strategy in the rehabilitation of autism.

Keywords
 autism spectrum disorder; motor imagery; mirror neuron system; Broken Mirror Hypothesis; motor system


Introduction

Autism spectrum disorder (ASD) is a life-long neurodevelopmental condition characterized by impairment in social communication and interactions, co-occurring with restricted interests and repetitive stereotyped behaviors (1). Furthermore, deficits in action observation and recognition, imitation, praxis and in the ability to understand others’ action intentions have been reported (2–5). One of the most influential, although still debated, theoretical framework to explain impairment in action processing and understanding, social interactions and communication found in children with ASD, maintains that a developmental disorder of the mirror neuron system (MNS) may play a causal role in ASD. In humans, the MNS consists of strictly connected frontal and parietal areas that are active during the execution of goal directed actions, during the observation and recognition of actions in the same category as well as during internal re-enactment of those actions like in motor imagery (6–9). More recent papers [for review see (10)] have also shown that the fronto-pariental areas that build up the MNS are also recruited during the processing of sentences expressing an action content. Hence, a developmental dysfunction of MNS has been proposed to explain the core aspects of ASD, especially as far as the social and communicative deficits. This explanation is often referred to as the Broken Mirror Hypothesis (BMH) (11).

The BMH has been especially investigated in imitation behavior and action observation (12). Less attention has been paid to motor imagery (MI). However, if one admits that the dysfunction of the MNS is at the root of the ASD symptoms (11), we can speculate that also other motor related cognitive functions, like MI, should be affected. In details, MI describes the ability of human beings to mentally rehearse simple or complex actions that are not accompanied by overt body movements (13). It implies the effort of individuals to imagine themselves while performing a given action. Empirical evidence supports the view that MI shares the same neural basis and mechanisms involved during execution, observation and verbal description of imagined action [for review see (8, 10, 13)]. The time course of the imagined action overlaps that of the executed action, at least in adults (14, 15).

In the present study we assessed the ability of ASD children to imagine goal directed actions. The aim of the study was twofold: first, we were interested in assessing MI ability in ASD children to provide further insights on the validity of the BMH in explaining ASD deficits; second, to assess whether MI may be exploited as a rehabilitation tool in ASD deficits, as it is in other childhood neurological disorders.



Methods


Study design and ethics

This was a randomized case–control study. We tested the ability to imagine goal directed actions related to daily activities in two matched groups of children: ASD and healthy Typical Developed (TD), respectively. We did so by means of a well-established MI questionnaire [Vividness of Movement Imagery Questionnaire-2 – VMIQ-2 (16)], and a novel, ecological task (MI task, see below for a detailed description), where we asked children to imagine goal directed actions following exactly their time course prompted by the observation of the same actions on videoclips. In the MI task children were asked to observe a goal directed action. Their capacity to imagine themselves performing the seen movement (asynchronous motor imagery) was subsequently assessed, focusing not only on the goal, but also on the temporal aspect (i.e., the time course) and duration of the action itself. Note that while the VMIQ-2 provided us with a subjective description of children’s capacity to imagine actions, the novel MI task provided us with a more objective index of the actual MI capacity by participants.

The study was approved by the Review Board of ASST Spedali Civili of Brescia (Comitato Etico di Brescia, ID number: NP 5749).



Participants

All children referred to the Unit of Child and Adolescent Neurology and Psychiatry at ASST Spedali Civili (Civil Hospital) of Brescia with a diagnosis of ASD from December 2022 to March 2023 were eligible. Inclusion criteria were: (1) Diagnosis of ASD, level 1, in accordance with the Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-5); (2) age between 6 to 15 years; (3) Full Intelligence Quotient >70 standard score (s.s.). Exclusion criteria were the presence of major visual and/or auditory deficits and drug treatment acting on the central nervous system. A total of 18 children (mean age 11.3 years, SD 2.9; 12 males, 6 females) met the inclusion/exclusion criteria and were enrolled. Full details of all enrolled children are shown in Table 1. Eighteen healthy children, matched by age, sex and school level, were also recruited as a control group (mean age 11.2 years, SD 3.0; 12 males, 6 females). Before entering the study, the parents of each child gave written informed consent.



TABLE 1 Demographic data and clinical features of participants.
[image: A table showing patient data with six columns: Patient number, Sex (M/F), Age (years, months), ADOS-II comparative score, CASD score, WISC-IV (FIQ), and VABS-II (total score). It includes details for 18 patients, with varying ages and scores for each listed category. Categories are defined in the footnote.]

The diagnosis of ASD was made in accordance with the DSM-5 and performed by a multidisciplinary team including a child neuropsychiatrist and an experienced child psychologist. Additionally, ASD symptoms were examined using the Autism Diagnostic Observation Schedule, 2nd Edition – ADOS-II (17) and the Checklist for Autism Spectrum Disorder – CASD (18).

The cognitive level was evaluated using the Wechsler Intelligence Scale for Children – WISC-IV (19), specifically we collected the following scores: Full Intelligence Quotient (FIQ), Verbal Comprehension Index (VCI); Perceptual Reasoning Index (PRI); Working Memory Index (WMI) and Processing Speed Index (PSI). Adaptive functioning was assessed using the Vineland Adaptive Behavior Scales-2nd edition [VABS-II (20)].



Clinical features

All participants had a diagnosis of ASD, level 1. According to ADOS-II, 17 participants had low/medium level of autistic symptoms (comparative score between 4–7) and 1 a high level (comparative score = 10); the mean of ADOS-II comparative score was 5.8 ± 1.5 (range 4–10). At CASD, 2 out of 18 children were in the non-autistic range, 9 in autism spectrum range and 7 in autistic range. The cognitive evaluation revealed that 4 participants had a borderline FIQ while the remaining 14 presented a normal level. The mean of FIQ was 97.5 ± 14.3 s.s. (range: 71–128 s.s.); mean VCI: 104.9 ± 16.7 s.s. (range 82–142), mean PRI 101.9 ± 15.2 s.s. (range 71–124); mean WMI 92.6 ± 16.3 s.s. (range 64–124), mean PSI 86 ± 12.6 s.s. (range 68–106). Adaptive functioning was impaired in 7 cases, borderline in 10 and normal in 1 case; the mean of total score was 70.1 ± 14.7 s.s (range 34–98). As regard VABS-II domains we observed that 12 participants had low scores (impaired: 6 cases; borderline: 6 cases) in communication (mean 76.2 ± 16.8, range 42–101 s.s.); 13 (impaired: 3 cases; borderline: 10 cases) in daily living skills (mean 79.3 ± 12.9, range 55–109 s.s.) and 16 (impaired: 7 cases; borderline: 9 cases) in socialization, (mean 68.1 ± 17.3, range 20–90 s.s.).



Apparatus, stimuli, and procedure

The experiment was conducted in a dimly lit room at the U.O. of Childhood and Adolescent Neuropsychiatry of Brescia. The child participated in the experiment while seated in front of a computer screen that displayed the instructions and stimuli. Stimuli were four-second video clips of an actor carrying out typical daily tasks using various objects. We chose common activities that children are already familiar with.

Children were required to respond by pressing one of two keyboard keys (“Q” or “Page Up”) placed with respect to the children’s body midline. The keys were colored in yellow and red, respectively.

The experimental task was implemented using PsychoPy 3.0. Ten practice trials were used to train the children. Practice trials were not further examined. An experimental trial started when the child pressed the spacebar. An animated tambourine that rhythmically beat 4 shots (1 at s) appeared on the screen to give an auditory and mental timing and prepare the child for the clip. A four second clip sequence appeared on the screen showing an actor, in a frontal position with respect to the observer, performing one of the chosen daily actions. The videoclip was replaced with a cartoon of a little dog, that placed its paws to its eyes and invited the child to close his/her eyes. An auditory signal (Start signal) instructed the children to begin imagining the previously seen action, in first person perspective, following the same time course. A second and different auditory signal (Stop signal) was provided at different randomized time intervals (1.5, 2, 2.5, 3, and 3.5 s) during motor imagery. The stop signal indicated the moment at which children had to stop to imagine the action and then re-open their eyes. Two images showing two frames of the previously seen action appeared on the monitor after the Stop signal. One of these frames coincided with the exact moment the action was stopped, the other depicted a moment 750 ms earlier or later than the exact one (Figure 1). The child was required to choose the frame representing the correct moment when the action was interrupted by pressing one of two colored buttons on the keyboard. We counterbalanced the position of the correct picture representing the exact moment in which the action was interrupted, presenting it on the screen either on the left or on the right. Children performed 80 trials (4 actions, × 5 different randomized time intervals at which the action could be interrupted, × 2 frames that could be either earlier or later than the exact one, × 2 positions of the correct frame). The task was designed to allow kids to take a break anytime they needed to avoid possible mental fatigue.

[image: Flowchart depicting an experiment process. Steps include: pressing the spacebar, hearing a countdown for four seconds, watching a four-second video, closing eyes, starting to imagine, imagining for a variable time, stopping to imagine on sound cue, and responding until submission. Each step shows correlating icons or images, with keyboards triggering initial and final actions.]

FIGURE 1
 Experimental procedure. In the left column, the time of each event is reported. In the middle column, a pictorial example of the events is depicted. In the right column, the action requested by participants to provide their responses is reported.


All children enrolled also completed the two scales of the VMIQ-2 designed to assess their self-reported capacity to imagine actions. In Scale 1 (EVI scale, External imagery) children are requested to imagine themselves performing an action from a third-person perspective; in Scale 3 (KIN scale, Kinesthetic imagery) they are requested to feel themselves performing an action.



Analyses

The error rate was recorded and analyzed. We considered an error when the selected frame did not show the exact instant when the imagined action was stopped. R 4.2.0 was used to perform data analysis.

Given the design of the experiment and the characteristic of the errors distribution (binomial distribution), we modeled the data using a multilevel logistic regression. The selection of the model that best expresses the plausibility of our data with respect to the variables considered was made using the Bayesian index (BIC) (21). This allowed us to predict with equal probability the a-priori likelihood of the null hypothesis (H0) and of the alternative hypothesis (H1). Bayes weights are used to assess the model uncertainty, which can be considered analogous to an estimate of the probability that a given model is the best model that yields the data. As a result, if a model has a Bayes weight greater than 0.95, it is deemed the only valid data model. If no model meets this requirement, all models are sorted from best to worst, and the list is continued until the cumulative weight of Bayes exceeds 0.95, at which point the remaining models are dismissed. This defines a “confidence set” of 95% models, meaning we can be 95% sure that one of the models in the set is the best approximation to the data.

The full model has been implemented with Group (2 levels: ASD vs.TD) as a between-participant factor, and Time-point (2 levels: earlier vs. later than the correct frame) and Stop Time (i.e., 5 levels: 1.5, 2, 2.5, 3, and 3.5 s) as within-participant factors. Participants and videoclips were set as random effects. Model selection was performed using dredge function of MuMIn package.

VMIQ-2 scores have been analyzed running a between groups t-tests (TD vs. ASD) for both scales of the questionnaire.




Results

Bayesian analysis showed that the best model that yields our data is the one including the reliable effects Time-point and Stop Time, and the interaction between them (BIC = 3553.1, Bayes weight = 1). For the results of the best model see Tables 2, 3. Intriguingly, no between group difference occurred: both groups made the same errors as shown (Figure 2B). Moreover, this pattern emerged even when investigating the interaction between Group and Time-point (Figure 2A; Table 3), confirming the result of the model selection.



TABLE 2 Best model results.
[image: Table displaying regression analysis results with four rows: Intercept, Time-point, Stop Time, and Time-point: Stop Time. Columns include Estimate, Standard Error, z-value, and Pr(>|z|). All p-values are less than 0.001, indicating statistical significance.]



TABLE 3 Descriptive statistics.
[image: Table comparing mean, standard deviation (SD), and standard error (Std. Err.) before and after a treatment for ASD and Control groups. Before treatment: ASD mean 26.5, SD 21.9, Std. Err. 5.2. Control mean 24.0, SD 15.3, Std. Err. 3.7. After treatment: ASD mean 59.7, SD 18.2, Std. Err. 4.3. Control mean 58.8, SD 14.6, Std. Err. 3.4.]

[image: Three graphs labeled A, B, and C compare error rates between ASD and TD groups. Graph A shows error rates for early and late stages, with lower rates in TD during early and slightly higher during late stages. Graph B displays similar error rates for ASD and TD. Graph C plots error rate against stop time, indicating decreasing early stage error rates and slightly increasing late stage rates.]

FIGURE 2
 In the graphs it is reported the error rate index calculated as follows: incorrect response/(Correct response + Incorrect response). In (A) mean Error rate is reported as a function of Group and Time Point. In (B) mean Error rate is reported as a function of Group. Finally, the panel (C) reported the interaction between Time Point and Stop Time. Error bar referred to the standard error of means.


Results of the VMIQ-2 did not show any significant differences between groups [Scale 1—EVI: t(1, 27.551) = −0.48, p = 0. 63; Scale 3—KIN: t(1, 27.68) = 0.96, p = 0.36], confirming that both healthy children and children with ASD can image the actions described in the questionnaire in both scales (EVI: Mean ASD = 3.89, SEM = 0.24; Mean TD = 4.02, SEM = 0.14; KIN: Mean ASD = 3.83, SEM = 0.25; Mean TD = 4.11, SEM = 0.15).



Discussion

The present findings show that children with ASD have the ability to imagine goal directed actions like their typically developed peers. The results of the VMIQ-2 (subscales EVI and KIN), as well as the results obtained in the MI task, did not show any significant difference between groups. Children with ASD and their peers made the same number of errors. In details, errors mostly occurred when children had to judge the picture presenting the later frame. These results overlap those found in a similar study, where children with cerebral palsy and their normally developed peers were included (22). It is worth stressing that at difference with Galli et al.’s study, in the present one the best model that yields our data include also the interaction between Stop Time and Time-point. As shown in Figure 2C, the general pattern of errors is further supported by this interaction. In other words, in both groups the timing of the imagined actions was faster than the timing of the seen actions. These findings strongly suggest that, while imagining actions, both groups were strictly anchored to the goal of the action (see the error rate in the 3.5 s Stop Time), so that both groups tended to anticipate the final part of it (i.e., hand-object interactions) and the imagined action resulted globally faster than the observed one.

One of the most intriguing explanations concerning the neurophysiological basis of the ASD relies in the dysfunction of MNS (23). Studies assessing the impairment of the MNSFare clic o toccare qui per immettere il testo., both in adults (24, 25) and children (2, 26, 27) with ASD, showed that patients presenting with this disorder are not able to understand observed actions on the basis of their motor features, and to interpret gaze and head movements of the agent. By means of transcranial magnetic stimulation (TMS) study, Theoret et al. (25) showed that in adults with ASD, as compared with healthy individuals during the observation of finger movements, there is no specific modulation of muscles involved in the execution of the same action, as revealed by induced motor-evoked potentials (MEPs). With the same technique, Cattaneo et al. (26) also showed that in children with ASD, as compared with healthy peers, there is no anticipatory activation of muscles involved in ingestive actions during the observation of bringing to the mouth actions. In an fMRI study, where ASD and TD adolescents were asked to encode goal and no-goal directed actions, results revealed that MNS was not active in ASD group, suggesting a global deficit in this system (28). Dapretto et al. (11), extended this impairment of the MNS also to the motor components of the facial expressions useful to recognize emotions. Taken together these findings support a hard view of the role of MNS in the social and affective dysfunctions found in children with ASD.

The BMH would also imply an impairment in other motor related cognitive functions, as for example MI. However, the present findings showed that in children with ASD, the MI ability seems to be preserved. Hence, these findings do not completely fit with the BMH. In a similar vein, Hamilton (29) showed that children with ASD are able to imitate actions. Furthermore, in a Magnetoencephalography (MEG) study (24) authors found that during the observation of lip movements, in ASD participants there was a typical recruitment of areas belonging to MNS, although delayed in comparison to healthy adults. Overall, these pieces of empirical evidence provide mixed results that do not fully support the BMH. More recently, Hamilton (29, 30) has forwarded a mild view of the involvement of MNS in ASD deficits. In this view, two integrated models have been proposed: Emulation and Planning-Mimicry model (EP-M) and Social Top-down Response Modulation model (STORM). The main tenet of the EP-M model is that, within the MNS, the only impaired component is the one mediating the processing and imitation of no-goal directed actions, which require the reproduction of observed action sequences with specific kinematic features. Conversely, the component allowing the processing and imitation of goal-directed actions, is spared (29). Complementary to this, rather than a dysfunction within the MNS itself, the STORM model proposes that ASD symptoms stem from developmental impairments in the cerebral areas (e.g., medial PreFrontal Cortex, mPFC) that modulate the MNS, providing a proper contextualization and the social meaning to actions.

Since in our experiment we asked participants to motorically imagine goal-directed actions, our data fully support the EP-M model, reinforcing further the notion that in children with ASD level 1, the motor representations of goal directed actions are functionally preserved. Accordingly, a recent fMRI study (31) showed an intact ability in mental simulation of goal directed actions as compared to no-goal directed actions. The latter seem more demanding for ASD individuals, as revealed by a stronger activation of MNS during their processing. The authors suggested that this stronger activation may be due to a greater difficulty for ASD participants in processing this kind of actions.

In contrast with the present findings, early studies assessing the MI in ASD population have shown an impairment in this cognitive function (3, 32), leading to a general claim that MI in this population is more affected than the ability to actually execute and coordinate actions.

In our view, the different results may be related to the tasks that participants had to solve. In earlier studies, MI was assessed by means of rotational, laterality judgment and circles-lines tasks. These tasks also assess other cognitive domains like visual imagery, manual coordination, spatial perspective taking, and the process of object-related features. Moreover, in general these tasks used response times to assess MI ability, while in our task we focused on the capacity of children to follow, during MI, the exact time course of the actions shown in the videoclips. This in the attempt to limit the influence of other cognitive processes potentially affecting the response times and error rate, as suggested by Souto et al. (33).

Beyond its contribution to the ongoing debate on the validity of the BMH to explain clinical features of ASD, in our view the results of the present study are relevant for its clinical implications in the rehabilitation of children with ASD. Motor imagery has been considered for years a valid tool in motor learning in different contexts and in neurorehabilitation, including the rehabilitation of motor impairment in several childhood neurological disorders [for very recent reviews see (34, 35)]. The potential use of MI as a cognitive strategy for the rehabilitation of specific deficits in autism is debated [see (36) for review] also because of the non-univocal empirical results on the capacity of children with ASD to imagine actions. The present findings, by showing that children with ASD level 1 are able to imagine actions in a manner similar to their healthy peers, support the view that MI can be exploited as a rehabilitative strategy for the recovery of motor functions in these children.

Despite the results of the present study seem to be relevant from a theoretical point of view because they may contribute to the ongoing debate on the validity of the BMH in explaining clinical features of ASD, as well as for its clinical implications, some limitations should be underlined. Our sample was rather small and indeed future, possibly multicentric studies should aim at enlarging the number of children recruited and assessing the reliability of the task we proposed. Moreover, as for other studies of similar kind, our inclusion/exclusion criteria were rather stringent, and this limits the generalization of the results across the heterogenous autism spectrum disorder. In fact, these results apply to ASD children level 1 and cannot be generalized to more severe spectrum of ASD. A further limitation may be found in the questionnaire (VMIQ-2) used to assess MI in a subjective manner. Even though we used this questionnaire in a previous study assessing the MI in children with Cerebral Palsy (22), it is not validated for a population at this age. However, to the best of our knowledge, there are no validated scales for children aged 7 to 15 like the ones we enrolled. Moreover, we did not assess the cognitive level in TD children; however, they attended the school successfully and never revealed some cognitive impairments in everyday life activities. Finally, in this study, we assessed the ability to imagine only goal-directed actions, an action category that seems to be preserved in line with EP-M (29, 30). Future studies should assess the capacity of children with ASD to imagine others type of actions like, for example, mimicked actions and those expressing social conventions.

In conclusion, there is increasing evidence for a milder view of the involvement of MNS in both adult and pediatric populations with ASD moving to reconsider the BMH (37, 38) and the role of MNS in the physiopathology of ASD. The evidence that MI seems to be a preserved function in children with ASD level 1 open the way and support the use of this cognitive strategy as a potential rehabilitation tool in this challenging neurodevelopmental condition.
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Background: Mild Cognitive Impairment (MCI) affects both cognitive and motor function, increasing the risk of immobility, falls, and compromising independence. The aim of this study is to determine whether implementing Action Observation Therapy (AOT) in a population with MCI would yield positive outcomes in cognitive status, in activities of daily living (ADLs), upper limb (UL) functionality, gait and balance, and if these results differ based on the observation modality employed.
Methods: Thirty participants, aged 65 and above with MCI, were assigned to three groups: therapist observation group (TOG), peer observation group (POG), and control group (CG). The intervention comprised physical and cognitive exercises over 5 weeks, with assessments before and after.
Results: significant differences in post-intervention improvement were found between the groups, excluding the Box and block test. No significant differences were found between the TOG and POG in any improvement variable. Significant differences were found between the CG and the observation groups.
Conclusions: The intervention with AOT proved beneficial for individuals with MCI, yielding significant results both when observing the therapist and when observing a peer compared to the CG, in the domains: cognition, ADLs, gait and balance.

Keywords
action observation therapy, older adults, mild cognitive impairment, mirror neurons, physical training


Introduction

Mild cognitive impairment (MCI) is defined as a “syndrome characterized by cognitive deficits greater than expected for the individual's age and educational level, without significant impairment in activities of daily living (ADLs), and without meeting criteria for dementia. Memory impairment is the primary issue, but there may also be deterioration in other cognitive areas” (1).

According to the World Health Organization (WHO), in 2014 there were 5.0 million adults aged 65 and older with cognitive impairment (CI), and it is projected that by 2060, this number will almost reach 14 million (2). The progressive aging of the population suggests a rising incidence of MCI, posing significant challenges for society (3).

Limitations in executive function, present in patients with MCI, can result in a reduction in physical mobility over time due to a decrease in the ability to perform complex and ADLs (4). This is achieved through a combination of motor, cognitive, and socioemotional skills (5). MCI decrease independence in ADLs, leading to increased immobility and social isolation (6, 7). Additionally, cognitive functions have been linked to motor functions of the upper limbs (UL), including fine motor dexterity, alternate forearm movements, and bimanual coordination (8). Therefore, patients with MCI often present impairments in UL function. On the other hand, gait and balance dysfunctions are common in individuals with CI. Among the most frequent parameters are decreased walking speed, reduced stride length, and changes in swing time, among others (9). These alterations significantly increase the risk of falls. Approximately 60% of individuals with CI experience falls annually, representing double the incidence compared to individuals of the same age without CI (10, 11).

Intervention based on the combination of physical and cognitive training in a functional context can help improve dysfunction caused by MCI. Therefore, it seems appropriate to seek rehabilitation tools that integrate these requirements for the improvement or preservation of skills in individuals with MCI.

The Action Observation Therapy (AOT) involves observing a motor gesture performed by another individual and then proceeding to replicate the same movement (12). This technique has been developed as a physical rehabilitation approach that promotes brain plasticity by activating the mirror neuron system (MNS). The MNS is a network of specialized neurons that are activated both during the execution of a movement and when observing the same movement performed by others. This dual activation facilitates the imitation and learning of motor skills by linking observation with motor execution. Moreover, the MNS is thought to play a crucial role in enhancing cognitive functions, such as memory and attention, as well as emotional processes, such as empathy and social understanding (13).

Age- and sex-related variations in the activation of the MNS have been reported, suggesting that these factors may influence the effectiveness of interventions like AOT. For example, Pua et al. highlight how executive function mediates age-related declines in emotion recognition, with notable differences observed between sexes. These findings underline the importance of tailoring AOT interventions to address specific deficits related to executive function, which may vary with demographic factors. This theoretical basis reinforces the relevance of AOT in not only improving motor function but also in addressing cognitive and emotional deficits that are characteristic of populations with conditions like MCI (13).

AOT has proven to be an effective way to learn or enhance the performance of a specific motor skill, creating a memory trace in both adults and patients who have suffered a stroke (14). AOT has also been applied to patients with MCI, demonstrating its effectiveness in improving UL functionality and cognitive functions (15, 16).

While AOT has demonstrated its effectiveness in various populations, there remains uncertainty about which modality, therapist or peer observation, is most effective, particularly for older adults with MCI. Previous research, such as Naura et al. (17), has shown that in children with cerebral palsy (CP), motor learning is enhanced when observing peers with similar conditions rather than therapists or individuals without impairments. This finding underscores the potential role of social and cognitive relatability in maximizing AOT outcomes. However, these findings have not been explored in older adults with MCI, who present distinct cognitive and motor challenges compared to other populations.

This study addresses a critical gap in literature by investigating the differential impacts of therapist vs. peer observation modalities in AOT for older adults with MCI. Specifically, we aim to determine whether AOT interventions can improve cognitive status, UL function, ADLs, gait, and balance, and whether these outcomes differ depending on the observation modality.



Methodology


Study type

This randomized, block-structured, analytical, and longitudinal experimental study was conducted in three senior care facilities in Madrid, Spain. Approval was obtained from the ethics committee of the Hospital Clínico San Carlos (code: 23/122-E), and the study was registered in the Clinical Trials registry (NCT05934344). The study adhered to the CONSORT (18) and Helsinki guidelines to ensure ethical (19) and methodological rigor.



Participants

Eligible participants were adults aged 65 and older, residing in care facilities, with a Montreal Cognitive Assessment (MoCA) (20) score between 20 and 26. They had to be capable of walking independently over a 10-meter distance and free from severe pain. Exclusion criteria included uncorrectable sensory impairments (without corrective aids such as glasses or hearing aids), inability to follow simple commands, recent neurological or musculoskeletal conditions, and contraindications to physical exercise. Recruitment and initial screening were conducted by the healthcare personnel at each facility, ensuring that all selected participants met these criteria, thereby minimizing potential selection bias.

Participants diagnosed with MCI who met the inclusion criteria were recruited from three senior care facilities in Madrid, Spain. Healthcare personnel at each facility conducted initial screenings to ensure compliance with inclusion and exclusion criteria, minimizing potential selection bias. Eligible participants provided informed consent and were then randomly assigned to one of three groups using OxMaR randomization software (21). This software ensured allocation concealment and an equal distribution across groups: (1) Therapist Observation Group (TOG), (2) Peer Observation Group (POG), and (3) Control Group (CG). Dropouts were carefully documented, and an intention-to-treat analysis was employed to mitigate the impact of attrition on study results.



Intervention

Each group underwent a 5-week intervention. In the TOG, participants observed exercises demonstrated by a therapist positioned directly in front of them. In the POG, participants observed peers without cognitive impairment performing the same exercises, also positioned in front of them to allow clear visibility. The CG continued with standard residence-based therapy, which primarily aimed at maintaining basic mobility and ADLs. The intervention sessions conducted three times per week for 20–30 min, included resistance training, balance activities, and UL exercises. The design of these sessions was inspired by the Fugl-Meyer Assessment (FMA) (22) and the Vivifrail physical training programs (23), both of which are tailored to prevent deconditioning in older adults. Importantly, the exercises were adjusted to address the specific deficits of each participant as identified through their baseline assessments using the FMA and Vivifrail tools. The 5-week intervention period was chosen based on previous studies that demonstrated meaningful improvements in motor and cognitive function within similar durations (e.g., 4–6 weeks) (24, 25).

To address potential bias due to the dropout rate in the POG, we employed intention-to-treat (ITT) analysis, where all participants were included in the statistical analysis based on their originally assigned group, regardless of whether they completed the intervention. Additionally, sensitivity analyses were performed to evaluate the robustness of the results, considering only participants who completed the intervention. These approaches aimed to minimize the impact of missing data and ensure a comprehensive evaluation of the intervention's effectiveness.



Outcome measures

To assess cognitive function, we employed the MoCA scale (20), a tool widely recognized for its effectiveness in detecting cognitive decline (26, 27). Functionality in ADLs was evaluated using the Barthel Index (BI), which has been validated in various populations, including older adults (28, 29).

UL functionality was assessed using two validated measures: the Fugl-Meyer Assessment for Upper Extremity (FMA-UE) (22) and the Box and Block Test (BBT) (30, 31). The BBT includes normative reference values for the older adult population and has been widely used to objectively measure changes in UL motor control and performance (32).

Balance and gait were assessed using three validated tools. The Berg Balance Scale (BBS) was used to detect balance impairments and fall risk, given its reliability in older populations (33). The Time Up and Go (TUG) test provided an assessment of functional mobility and dynamic balance (34). Finally, gait speed was measured with the 10-Meter Walk Test (10MWT) in two conditions: a “normal pace” to capture habitual walking speed 10MWTN, and a “fast pace” to assess maximum gait speed capacity 10MWTF (35).



Data analysis

The sample size was calculated using GRANMO software, based on the research by Donoghue et al. (36), targeting a minimum detectable difference of 6.3 (alpha = 0.05, beta = 0.2) with a 20% dropout rate. The Shapiro-Wilk test was performed to assess the normality of the data. As the results indicated a non-normal distribution, the Kruskal-Wallis test was employed to evaluate differences between groups. Post-hoc pairwise comparisons were conducted using the Mann-Whitney U-test.

Effect sizes were calculated for all outcomes to provide additional context, particularly for non-significant findings. Cohen's d was used to quantify the magnitude of differences between groups, with thresholds for small (0.2), medium (0.5), and large (0.8) effects. This approach allows for the interpretation of clinical relevance even in cases where statistical significance was not achieved, offering insights into the potential practical implications of the findings.

A significance level of p < 0.05 was set, and effect size was calculated using Cohen's d, where d = 0.2, d = 0.5, and d = 0.8 indicate small, medium, and large effects, respectively (30). Analyses were conducted using SPSS v.29.0.




Results

A total of 36 subjects were selected from the pool of 44 eligible users who met the inclusion criteria and were grouped into 3 groups. The study concluded with 30 subjects, as there were 6 dropouts, one in the TOG before the intervention and five in the POG. In Figure 1, a flowchart is presented to illustrate the progression of participants through the study. The description of the sample is shown in Table 1.


[image: Flowchart depicting a randomized subject study. Potential subjects number forty-four, with eight not meeting criteria. Thirty-six are randomized into three groups: eleven observe a therapist, fifteen observe peers, and ten form a control group. Each group's activities are detailed, with losses and follow-ups noted. All groups end with ten analyzed subjects.]
FIGURE 1
 Flowchart.



TABLE 1 Description of the sample.

[image: Table comparing demographic data across three groups: TOG, POG, and CG, each with 10 participants. TOG has 1 female, 9 males, average age 88.6 years (SD 7.18). POG has 2 females, 8 males, average age 84 (SD 8.03). CG has 7 females, 3 males, average age 78.8 (SD 7). Definitions clarify group acronyms and terms like H for females, M for males, SD for standard deviation.]

The homogeneity of the groups was analyzed concerning age, gender, and initial scores on the scales used: MoCA, BI, FMA-UE, BBT, BBS, TUG, 10MWT and 10MWT fast. No significant differences were found in any of these variables between the groups before starting the intervention.

Initial and final scores were collected for all studied variables. An improvement variable for each variable was calculated by taking the difference between the final and initial scores. Significant differences were found among the three groups in the improvement variable for all studied variables, except for BBT, both right and left arm (Table 2).


TABLE 2 Results of the Kruskal-Wallis test for group differences across outcome measures.

[image: Table displaying various measures and their statistical values: Montreal Cognitive Assessment (13.3, p=0.001), Barthel Index (7.0, p=0.030), Fugl-Meyer Assessment (17.2, p<0.001), Box and Block Test left hand (8.7, p=0.013) and right hand (3.7, p=0.160), Berg Balance Scale (16.2, p<0.001), Time Up and Go (15.7, p<0.001), 10-meter walk test normal pace (16.6, p<0.001) and fast pace (8.6, p=0.013). All tests have degrees of freedom equal to 2.]

Pairwise comparisons were conducted on the improvement variable to determine the direction of differences found between groups (Table 3). No statistically significant differences were found between the TOG and the POG in any of the improvement variables studied. Statistically significant differences were found between the CG and the TOG in the improvement variables of MoCA, FMA, BBT right, BBT left, TUG, 10MWTN, and 10MWTF. However, no statistically significant differences were found in the BI. In the comparison between the POG and the CG, statistically significant differences were found in the improvement variables of MoCA, FMA, BBS, TUG, 10MWTN, and 10MWTF. However, no statistically significant differences were found in the BI and BBT right and left arm.


TABLE 3 Pairwise comparisons of improvement variables between groups.

[image: A table comparing measures across three groups: TOG, POG, and CG, with median (interquartile range) values for each. It includes statistical comparisons (p-values) and Cohen's d effect sizes between the groups. Measures include MoCA, BI, FMA, and others, showing variations and statistical significance among the groups.]

Results are expressed in Mann-Whitney U (p-value); M: Median; IQR: interquartile range; TOG: Therapist Observation Group, POG: Peer Observation Group, CG: Control Group, MoCA: Montreal Cognitive Assessment, BI: Barthel Index, FMA: Fugl Meyer Assessment, BBT: Box and block test, BBS: Berg Balance Scale, TUG: Time Up and Go, 10MWTN: 10-Meter Walk Test, 10MWTF: Ten-Meter Walk Test (Fast). NA: not available. Statistical Significance Level: p = 0.05.



Discussion

The objectives of this study were to assess whether there are changes in cognitive status, ADLs, UL functionality, balance and gait in patients with MCI after an intervention with AOT. Additionally, the study aimed to determine if there are differences between observing a therapist or a peer without MCI. Statistically significant improvements were found in four domains: cognition, ADLs, gait and balance, in both the TOG and the POG, in contrast to the CG. Overall, the results indicate that AOT, implemented three times per week over a 5-week period, was sufficient to elicit significant improvements in both intervention groups. Furthermore, the inclusion of a CG provided critical insights, as no significant changes were observed following conventional therapy in this group, reinforcing the added value of AOT interventions.

Our results are consistent with evidence supporting the effectiveness of AOT in promoting both motor and cognitive recovery across diverse populations. As highlighted in a recent systematic review, AOT shows promise as an effective strategy in rehabilitation programs for stroke patients, enhancing the functionality of the paralyzed UL and facilitating the recovery of maximum independence in ADLs (25, 37). Additionally, it appears to be a promising approach for individuals with MCI (15). Furthermore, engaging the MNS through observation and imitation of actions, the use of AOT in children diagnosed with CP has demonstrated its ability to enhance motor function, increase the spontaneous use of the affected UL, and promote functional participation in ADLs (38–40). These findings suggest that the mechanisms underlying AOT, particularly MNS activation, play a critical role in driving neuroplastic changes and facilitating motor learning across diverse populations.

Moreover, the role of the MNS in other movement disorders, such as Parkinson's disease, presents a compelling avenue for future research. Individuals with Parkinson's disease often exhibit hypomimia, or reduced facial expressivity, and impairments in emotion recognition, particularly disgust, which may be linked to MNS dysfunction (41, 42). These deficits could potentially influence the outcomes of AOT interventions, emphasizing the need to tailor such therapies to the specific neurocognitive profiles of older adults with movement disorders.

The intervention duration chosen for this study reflects a careful balance between achieving measurable outcomes and addressing practical considerations such as participant adherence and program feasibility in residential or community settings (10, 24). Consistent with findings from other studies (14, 23, 25), our research applied a tailored adjustment of exercise frequency, duration, and intensity to optimize outcomes. Sessions lasting 20–30 min, conducted three times per week over a 5-week period, appear to represent an optimal dosage for achieving significant improvements in individuals with MCI, as observed in stroke patients (14, 25). Identifying the most suitable exercise protocols for individuals with MCI remains essential for ensuring specific and effective results. Additionally, community-based approaches that integrate AOT within group exercises have shown to further enhance functional outcomes, highlighting the need to optimize intervention duration and delivery to maximize benefits for individuals with MCI, who often have limited physical and cognitive reserves (11, 29, 43).

Regarding MoCA improvement in the three groups, they support the notion that gait and balance capacity may be crucial for potential improvements in cognitive skills. This is likely that exercise evokes significant benefits in functional changes in the brain, reductions in white matter lesions, and decreases in atrophy across all age groups (24).

Results in this study showed improvements in both the TOG and POG compared to the CG, although these differences did not reach statistical significance (p = 0.13 and p = 0.063, respectively). The median BI improvement in the intervention groups (TOG: 2.5; POG: 2.5) highlights a trend toward functional gains in ADLs, while no changes were observed in the CG (median: 0.0). However, the BI's limited sensitivity to detect subtle functional improvements, particularly in populations with MCI, may have contributed to the lack of significant findings. Despite its widespread use, adequate reliability and validity (28, 44, 45), our results align with critiques of the BI as a general measure that may not fully capture nuanced changes in functional capacity in population with MCI (46, 47).

The most significant improvements were observed in the FMA in both experimental groups, which can be attributed to receiving specific therapy for the UL with a progression of several sessions per week. In the study by Fu et al., where AOT intervention was also conducted, significant changes in FMA were observed (48). In the study by Mao et al., after 8 consecutive weeks of training, both groups showed significant improvements in UL motor function. The mirror neuron system group, which underwent AOT therapy, exhibited significantly improved motor and cognitive function of the UL compared to the CG (49). Furthermore, we also observed significant differences and improvements in BBT scores when comparing the AOT groups (TOG and POG) with the CG. These findings align with previous studies that highlight the efficacy of AOT in enhancing UL functionality in stroke patients (31, 50).

Research support that gait and balance tend to deteriorate in individuals with MCI (51). The present study demonstrates that physical activity can help improve gait and balance in individuals with MCI. Health professionals could utilize AOT as an accessible and cost-effective therapeutic strategy to address gait and balance issues in individuals with MCI. The exercises employed in this study (Appendix 1) were well-suited to the participants, leading to significant improvements in the TUG, which evaluates the time required to walk a specific distance and make turns. Although the intervention did not include specific exercises to enhance walking speed due to safety concerns and participants' abilities, notable improvements were observed in the 10MWT, with reduced times to cover the set distance. These changes likely reflect enhanced balance, functionality, and fatigue resistance (34).

In our hypothesis, we suggested that therapy would be more effective when learning occurred among peers, as the MNS appears to be activated by mechanisms related to empathy, with increased activity when the observer can identify shared characteristics with the individual being observed (49, 52, 53). According to our results, although both groups show improvement, it is greater in the group that observes the therapist. These results differ from those obtained by Nuara et al. (17), where children with CP learned more by imitating other children than an expert therapist. Conversely, our results align with those of Rohbanfard et al. (54), who concluded that observing an expert is more effective than observing a novice.

The lack of superiority observed in the POG compared to the TOG may be attributed to individual differences such as fatigue, age-related cognitive and physical changes. Older adults with MCI are particularly prone to cognitive fatigue, which can limit their ability to engage effectively with the additional cognitive demands posed by peer observation (55). Furthermore, discrepancies in movement execution or speed among peers may increase the cognitive load, potentially diminishing the benefits of imitation-based learning (56). These findings emphasize the need structured guidance, clear demonstrations, and perceived authority in therapeutic interactions might also play a critical role in this population, where cognitive and physical reserves are limited (57, 58). Further research is needed to explore these dynamics in depth and to assess whether modifications to peer observation protocols could mitigate these factors.

Pairing in the POG was done randomly. Group work has benefits, as participants encourage and motivate each other to perform exercises (59, 60). The significant improvements observed in both intervention groups compared to the CG highlight the value of group-based approaches. While therapist-guided AOT can provide clear benefits, it requires trained professionals, making it resource-intensive. Peer observation protocols offer a cost-effective alternative when combined with proper training and supervision to ensure safety and engagement. Utilizing peer facilitators in community or residential settings could expand access to rehabilitation while reducing the need for individual therapist time. Further research should focus on optimizing these models and evaluating their long-term effects on functional and cognitive outcomes in individuals with MCI (49, 59, 60).

By broadening the comparison to these populations, our findings underscore the versatility of AOT as a rehabilitation strategy. While our study focuses on older adults with MCI, the underlying principles of MNS activation and its capacity to enhance motor and cognitive functions appear to be universally applicable, if interventions are adapted to the unique characteristics and challenges of each population.

The limitations of this study include the small sample size, which may restrict the generalizability of the findings. Larger-scale studies are necessary to confirm these outcomes and provide more robust evidence. Additionally, the absence of long-term follow-up limits our understanding of the sustainability of the observed improvements in gait and balance. Another limitation lies in the use of the Barthel Index, which may lack sensitivity to detect subtle changes in functional capabilities, particularly in older adults. To address this, future research should consider integrating complementary measures, such as social functioning scales for specific populations like Parkinson's disease (61), or frameworks such as the International Classification of Functioning, Disability, and Health (ICF) for a more comprehensive assessment of disability in older adults (47). Finally, incorporating integrative measurement approaches, as suggested in transitions from hospital to home care for older adults (46), may further enhance the sensitivity and applicability of functional assessments in this population.



Conclusions

Our results indicate that AOT is an effective intervention for improving motor and cognitive function in older adults with MCI. The two observation modalities studied: The use of both therapist and peer observation modalities produced significant improvements in functional outcomes, suggesting the flexibility and adaptability of AOT as a therapeutic approach. These results support the inclusion of AOT in rehabilitation programs for individuals with MCI, potentially addressing key areas such as cognitive impairment and fall risk. Future studies with larger cohorts and longer follow-up periods are warranted to confirm these findings and establish the long-term benefits of AOT in this population.
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Background: Precise upper limb movements required for daily activities rely on feedback and feedforward control mechanisms. In children with cerebral palsy (CP), damage to white matter tracts impairs motor execution and sensorimotor control. Most studies in CP have focused on motor execution deficits, whereas the relationship between feedforward control alterations and white matter microstructure features has received less attention.
Method: This study compared feedforward control during a grasp and lift task in 9 children with CP (diagnosis of hemiplegic CP with mild to moderate upper limb deficits) to 40 typically developing (TD) children aged 8 to 17 years. A secondary objective was to examine associations between feedforward control and the microstructural measures of corticocerebellar and other motor-planning related tracts. All participants completed 13 trials of the grasp and lift task. The CP group also underwent diffusion magnetic resonance imaging (MRI) using a 3-Tesla system to acquire anatomical and diffusion MRI.
Results: Results showed feedforward control deficits in the non-dominant hand of children with CP, reflected by reduced peak force rates before sensory feedback was available and a lack of adaptation across trials. Strong correlations were observed between feedforward control and microstructural measures of the corticospinal tract and superior longitudinal fasciculus, but not with the corticocerebellar tracts.
Conclusion: These findings suggest that broader sensorimotor processes, beyond feedforward control alone, contribute to force control deficits observed in children with CP.
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1 Introduction

Most daily activities require coordinated use of the upper limb and digits (1). Even trivial tasks such as grasping a glass involve prior knowledge of object’s properties and integration of sensory information from the environment (e.g., texture, gravity) for optimal manipulation (2). This coordination relies on the feedback and the feedforward control [for a recent review on this topic, see (3)], which, respectively, allow online movement correction based on sensory information and supports the planning of force control, enabling the selection of movement parameters based on the task goal (4, 5). Feedforward control builds motor representation (6) by refining internal models that associate movement with sensory outcomes, adapting forces along trials in grasp and lift tasks (7, 8). Deficits in feedforward control may lead to sensorimotor deficits or exacerbate them in neurological disorders, for instance, children with cerebral palsy (CP) (2, 9).

CP is characterized by a group of sensorimotor symptoms affecting posture and movement due to alterations of the developing brain in the fetus or up to one to two years after birth (10). The lesions affect a vast distributed network, leading to impairments in motor control at both planning and execution levels (9, 11, 12). Children with CP show feedforward control deficits compared to their typically developing (TD) aged-matched peers, particularly in force control [for a review, see Martinie et al. (13)]. In grasp and lift tasks, children with CP show a sequential increase in load and grip forces [LF and GF; Eliasson et al. (14)] and fail to adapt to object weight and texture (15), resulting in a multi-peak force profile instead of a smooth, coordinated grasp force (16). They also exhibit inter-trial variability in their force profiles, while TD children stabilize their force after two trials (17). The feedforward force control deficits are only present in the more affected hand in hemiplegic CP suggesting asymmetrical abilities (18). Those asymmetrical deficits are specific to this sensorimotor task in which the less affected hand of children with unilateral CP behaves like the dominant hand of TD children (13, 19, 20).

Diffusion magnetic resonance imaging (dMRI) allows the quantification of water molecules’ movement along physical barriers (e.g., myelin sheath) to reconstruct white matter pathways (21, 22). DMRI studies in children with CP have emphasized the role of corticomotor tracts in their feedforward control deficits (23, 24). However, studies in healthy participants suggest that beyond corticomotor tracts (25), other brain regions are involved in feedforward force control, including the parietal cortex (26) and cerebellum (27–29). These findings point to a widely distributed network that connects motor areas, parietal regions, and the cerebellum, which are engaged in different aspects of force planning. Parieto-frontal pathways play a role in sensorimotor control, involving the internal representation of the body and grasping parameters (30–33). Additionally, these pathways monitor discrepancies between predicted and actual sensory feedback without correcting motor commands directly (34). Such corrections rely on feedforward control mechanisms facilitated by cerebellar afferent connections [e.g., fronto-ponto-cerebellar tracts; Ramnani (35) and Ugolini and Kuypers (36)] and efferent pathways [e.g., cerebello-thalamo-frontal tracts; Ramnani (35) and Ito (37)]. Although corticocerebellar tracts alterations have been linked to poorer manual dexterity in children with CP (38, 39), there is limited understanding of their involvement in feedforward control in CP.

The first objective of this study is to compare feedforward control between children with CP and TD children in a grasp and lift task. The second objective is to assess whether feedforward control is associated with cortico-cerebellar tracts and other motor-planning-related tracts in children with CP. We anticipate that children with CP will exhibit impaired feedforward control with their non-dominant hand (i.e., more affected hand) compared to TD children, but not with their dominant hand. We expect to observe differences in force variables and reduced adaptation (i.e., changes throughout the task). We predict that these differences will be increased for children aged 8 to 11 years, as TD children already have mature adult-like forces peak rate at eight years of age whereas 6 to 8 years old children with CP usually behave like two years old TD children (14) and mature until early adulthood (40, 41). Additionally, we expect to observe less adaptation between pairs of trials as an indication of this lack of adaptation. We also hypothesize that asymmetry in feedforward control between hands will correlate with the asymmetry in the microstructural features of cortico-cerebellar tracts (i.e., fronto-ponto-cerebellar, FPC; cerebello-thalamo cortical, CTF) and with other motor-planning-related tracts, such as the corticospinal tracts (CST) and motor-parietal tracts (e.g., the superior longitudinal fasciculus, SLF), which are involved in the control of grasping and lifting.



2 Method


2.1 Participants

TD children and children with CP were recruited. Inclusion criteria included: (1) aged between 8 and 17 years old and (2) able to understand verbal instructions. In addition, children with CP were included if: (1) diagnosed with unilateral spastic CP; (2) had a Manual Ability Classification System [MACS, Eliasson et al. (40, 41)] of level I-III (i.e., mild to moderate deficits). Exclusion criteria were: (1) surgery in the upper limb in the past six months, (2) MRI non-compatibility for children with CP (criteria applied for participation in the MRI session only, i.e., the inability to perform the MRI scan did not exclude the participant from the grasp and lift task). The presence of tactile deficits was measured based on the last clinical assessment of the two-point discrimination task (42) available in their medical record. All children and their caregivers signed permission and consent. The study was approved by the CIUSSS-CN Committee (RIS_2024–2031).



2.2 Procedure and apparatus

Our experiment was divided into two sessions: (1) behavioral assessment and (2) MRI scan. Both TD and CP children participated in the behavioral session, which consisted of a grasp and lift task. The task consisted of grasping and lifting a 700 g object with sandpaper on the handling loadcell and two force loadcells (6 degrees of freedom, model Nano-17, ATI Instrumentation, Apex, NC, USA) measuring forces in x, y and z axis. The participants were asked to start the task with their non-dominant hand determined with a short child-friendly adapted version of the Edinburgh Handedness Inventory (43). Comfortably seated at arm’s distance from the object, children had to perform a maximum voluntary contraction by grasping the object three times without lifting it, for 5 s. The average of the three trials allowed us to compute the maximum grip force for each hand (Fmax), which was used in a ratio using Fmax non-dominant hand/Fmax dominant hand. Participants were then asked to grasp and lift the object at a comfortable speed. Following light-emitting diode (LED) activation, the participants grasped and lifted the object 13 times. After keeping the object 20 centimeters above the tabletop (i.e., in front of the LED line fixed into a wooden panel behind the object), they moved the object back to its initial position when the LED turned off (i.e., after 6 s).

Only children with CP performed the MRI session in which both structural and diffusion images were acquired. The participants underwent the scan without any sedation. Language-friendly explanation for children was provided about the procedure. To reduce stress, they also could watch a cartoon during the scan. The MRI data were acquired with a 3 T Siemens scanner (Magnetom Prisma, Siemens Healthineers) with a 32-channel head coil. The total time of data acquisition was between 15 to 21 min. The scan session took place at the MRI platform of the CERVO research center (Quebec City, Canada).



2.3 Data acquisition and preprocessing

For the grasp and lift experiment, data were acquired and processed using a custom-made MATLAB script (R2021b version, MathWorks, Massachusetts, USA). The GF signal was calculated by summing each loadcell signal along the z-axis, while the LF was calculated by summing each loadcell signal along the y-axis.

For the MRI data, we adhered to the detailed procedure outlined in Martinie et al. (44). However, we have summarized the key steps here. Both structural T1 weighted image (turbo field echo multishot protocol in axial plane, voxel size = 1 mm isotropic, 180 slices, TR = 7.3 ms, TE = 3.3 ms, inversion time = 940 ms, flip angle = 9°) and diffusion images (echo-planar single shot, 60 slices, HARDI sequence detailed in https://zenodo.org/record/2602049, slice thickness = 2 mm, matrix 112 × 112, in-plane resolution = 2 × 2 mm, flip angle = 90°, FOV = 224 × 224 mm, 84 directions, b-values = 300 s/mm2, 1,000 s/mm2 and 2000 s/mm2, 6 b = 0 volumes, TR = 7,650 ms, TE = 89.5 ms) were acquired. The preprocessing and processing steps were performed on Beluga, a computational platform offered by Calcul Quebec (provincial partner of the Digital Research Alliance of Canada, Quebec, Canada, https://alliancecan.ca/en). Each step of preprocessing, signal reconstruction, and tract extraction was meticulously inspected by two authors. In cases of abnormalities or disagreements, a third author with expertise in neuroimaging was consulted for their opinion.

Tractoflow version 2.3.0 pipeline, showing between 98 to 100% reproducibility, [code available at https://github.com/scilus/tractoflow.git, Theaud et al. (45)] was used to correct the data and extract the diffusion metrics (i.e., diffusion tensor imaging, DTI; constrained spherical deconvolution, CSD). In addition, the pipeline contained also a probabilistic whole brain tractography using Particle Filter Tracking parameter based on fiber orientation density function in T1-based white matter map (FA threshold = 0.1, step size = 0.5 mm, maximum angle between 2 steps = 20°, number of seeds per voxel = 10, and stopping criteria = gray matter mask) (44). To evaluate white matter microstructure, dMRI metrics based on DTI and CSD were extracted from the tractoflow output using tractometry_flow (code available at https://github.com/scilus/tractometry_flow.git, Cousineau (46)). In addition, neurite orientation dispersion and density imaging (NODDI) metrics, based on a multi-compartment model (47), were computed using the resampled DWI, the resampled b0, and the bval and the corrected bvec files from preprocessing pipeline, with noddi_flow [code available at https://github.com/scilus/noddi_flow.git, Daducci et al. (48)].

The extraction of cortico-cerebellar tracts was performed using a strategy of tractography based on regions of interest (ROIs) which successfully identified those tracts in CP (44) from the atlas JHU ICBM DWI 1 mm [available at https://neurovault.org/media/images/264/JHU-ICBM-DWI-1mm.nii.gz, Mori et al. (49)], Talairach atlas [available at http://www.talairach.org/, Lancaster et al. (50) and Brainnetome atlas (available at http://www.brainnetome.org/resource/)]. The ROIs were registered to our participants’ space using ANTs (51), and the tractograms were extracted using the Scilpy toolbox (available at https://github.com/scilus/scilpy.git). For the FPC, the included ROIs were premotor cortices, internal capsule, and contralateral middle cerebellar peduncles [for the precise description of the regions of interest, see Palesi et al. (52, 53)]. For the CTF, the included ROIs were superior cerebellar peduncles, ventral and lateral nuclei of the contralateral thalamus and contralateral premotor cortex. For both tracts, the excluded ROIs were corpus callosum and adjacent cortices to avoid errors. Tracts over a length threshold of 120 mm were excluded to avoid spurious streamlines (51).

Other tracts involved in motor planning were extracted using a multi-atlas virtual dissection method called Recobundle X, which allows automatic extraction of white matter bundles based on their shape [available at https://github.com/scilus/rbx_flow.git, Garyfallidis et al. (54) and Rheault (55)], with greater validity and less heterogeneity than classic tract extraction method (56). The chosen tracts were the CST, and an associative frontoparietal tract called the SLF, both known to be involved in motor control (25, 57, 58).

To characterize brain lesions of the CP participants, the lesion volume was computed using the tissue volume ratio in each hemisphere with the following formula: (gray + white matter) left/(gray + white matter) right (59). An important difference in tissue volume between hemispheres was shown with a ratio close to 0. Tissues segmentations were performed using Freesurfer method [code freely available at http://surfer.nmr.mgh.harvard.edu/; Fischl (60)] with a freesurfer_flow (code available at https://github.com/scilus/freesurfer_flow) on registered T1 outputted from Tractoflow.



2.4 Variables extraction

The analyses included two measures of feedforward control (i.e., GF peak rate and LF peak rate) and four measures of white matter tracts microstructure (i.e., fractional anisotropy, FA; apparent fiber density, AFD; orientation dispersion, OD) and macrostructure (i.e., volume) for the FPC, CTF, CST, and SLF.

To assess feedforward control, the forces peak rates were used as the peaks of both GF and LF rates occur before sensory feedback about the object’s weight is available Johansson and Westling (17) and Wolpert and Flanagan (61). These variables have been widely employed as measures of feedforward control, especially for children with CP [for review, see Martinie et al. (13) and Bleyenheuft and Gordon (62)]. GF and LF peak rates were computed by taking the maxima of differences between consecutive force values and dividing by the time interval, following the formula F/∆t, where ∆t represents the time interval between two force measurements (17, 63, 64). This procedure was performed using the diff function in MATLAB, representing the amplitude and maximum variation of GF and LF forces.

The dMRI metrics used were selected prior to analysis based on their prevalence in the neuroimaging literature on CP (65) and their similarity, despite originating from different models. The. selected DTI-based metric, FA, measures the degree of tissue anisotropy, with the highest values in uniformly oriented tissue, such as white matter. FA is widely used in clinical populations, particularly in CP (65), where it has demonstrated strong reliability (66). FA is sensitive to myelination and membrane permeability (67). However, its sensitivity is limited in the presence of crossing fibers, so complementary metrics are recommended (68). Consequently, from CSD, the total AFD was computed from the fiber orientation distribution function. AFD shares FA’s sensitivity but offers greater specificity, particularly in regions with crossing fibers (67, 69). Given the higher sensitivity of NODDI metrics compared to FA (70) and their increasing use in clinical research (71), the OD was included in this study. The OD reflects the dispersion of fibers within a voxel and is associated with neural reorganization, axonal dispersion, and neuroinflammation (72). Lastly, tract volume was considered as a macrostructural metric (73). These diffusion and volume measures were assigned to the entire tracts by averaging the metrics of all voxels within the white matter pathways, a process automatically performed by the tractometry_flow script used.

The main independent variables in the analysis were three factors with two levels: group (CP vs. TD), hand (non-dominant vs. dominant), and age (younger vs. older). The younger age refers to participants ≤11 years of age, and the older group comprises participants >11 years.



2.5 Analysis

Statistical analyses were conducted using RStudio 2023.12.1.402 version (Posit team, 2024). The analyses were divided into feedforward force control in both TD and CP children and the association between feedforward control and white matter microstructural measures in children with CP only. As the assumptions of normality and homoscedasticity were not met, non-parametric tests were employed.

Objective 1: Comparison of feedforward control between children with CP and TD children.

The analyses were performed separately for the GF and LF peak rates. Each force variable was tested following four steps: (1) difference of group × age for each hand; (2) tendency of adaptation along trials; (3) amount of change between pairs of consecutive trials; (4) main effect of trials. Due to the limitations of non-parametric tests in assessing interactions among three factors, two-factor analyses were conducted separately for each hand to compare the CP and TD groups while accounting for the potential effect of age. Only the fourth section of the analyses included the factor trial (1 to 13).

(1) Difference between group × age by hand.

To determine whether a global effect of group and age was present for GF and LF peak rates for each hand, the Scheirer-Ray-Hare test, a non-parametric equivalent of the two-way ANOVA, was used. Bonferroni correction was applied to adjust for multiple comparisons. For significant interactions, pairwise post-hoc comparisons were conducted using the Wilcoxon signed-rank test, with Bonferroni correction applied to control for multiple testing.

(2) Tendency of adaptation along trials.

A linear regression slope was computed for each participant to assess whether variables adapt (i.e., change) across trials according to group and age. The slope represents the linear trend and rate of change across trials, indicating the general tendency for adaptation. The slopes were compared between the groups (CP vs. TD) and ages (youngest vs. oldest) using the Scheirer-Ray-Hare test and Bonferonni correction, separately for each hand. If significant interactions were found, Wilcoxon signed-rank post-hoc tests were performed to further investigate specific pairwise differences. Additionally, each slope was tested against zero to determine if a significant change over trials was present.

(3) Amount of change between consecutive pair of trials.

To determine if local trial-to-trial force variations occurred and whether these variations were equally distributed or if the force stabilized (i.e., absence of variation), the relative change between pairs of consecutive trials was computed using the formula: (|trial_2 – trial_1|)/(trial_1) for each pair until the last trial. The relative change of force peak rates was analyzed separately for each hand, incorporating the factors group (CP vs. TD) and age (youngest vs. oldest) using the Scheirer-Ray-Hare test. Significant interactions were further examined using Wilcoxon signed-rank post-hoc tests if necessary. Additionally, the slope of GF peak rate across trials was tested against zero to verify if a significant change over trials existed.

(4) Main effect of trials.

To identify specific differences between trials and assess the main effect of trials, a repeated measures Friedman test was performed for each condition due to the test’s limitation in including all factors simultaneously. Multiple testing corrections were applied. If a main effect of trials was observed, post-hoc pairwise comparisons were conducted using Conover’s test with Holm correction to account for multiple comparisons.

Objective 2: Association between feedforward control and white matter tracts.

The association between white matter microstructure features and force control was assessed using Spearman correlations between the FPC, CTF, CST, and SLF. Given the exploratory nature of the analysis and the small sample size, the p-value was not corrected, and the results should be interpreted as hypothesis-generating, requiring validation in larger. To account for hand and lesioned side while minimizing multiple testing, asymmetry indices were calculated for hand GF and LF peak rates and hemisphere microstructural measures using the formulas (dominant side – non-dominant side)/(dominant side + non-dominant side) and (contralesional side – ipsilesional side)/(contralesional side + ipsilesional side). The asymmetry indices of each variable were tested against zero using a Wilcoxon signed-rank test.




3 Results


3.1 Descriptives statistics

Forty TD children (22 girls and 18 boys, M = 12.12, SD = 2.63, from 8.1 to 16.9 years old) and nine children with CP (6 girls and 3 boys, M = 11.06, SD = 2.01, from 8.38 to 14 years old) were recruited. One participant with CP could not perform the MRI because of the presence of a ventricular shunt. Among the children with CP, 7 had a pre-or peri-natal stroke. Clinical data of children with CP are described in Table 1. TD children had a higher non-dominant/dominant Fmax ratio (M = 1.02, SD = 0.2) than children with CP (M = 0.54, SD = 0.21).



TABLE 1 Clinical data for children with CP, including age, sex (F, female; M, male), Fmax hand ratio and tactile deficits for the non-dominant hand.
[image: A table displays data on participants, including ID, age, sex, MACS, Fmax ratio, tactile deficits, lesion side, etiology, tissue ratio, and AI. It lists details for nine entries, noting conditions like pre-natal and post-natal strokes, and various measurements. A note explains the tissue volume ratio and asymmetry index between hemispheres characterizes lesion extent. Segmentation was not possible for some participants due to tissue deformations.]


3.1.1 Objective 1: comparison of feedforward control between children with CP and TD children


3.1.1.1 GF peak rate

The difference for the GF peak rate was tested for each hand. No significant effects of group or age were observed for the dominant hand. For the non-dominant hand, there were significant effects of both groups (H = 75.83, adjusted p-value <0.001) and age (H = 5.10, adjusted p-value = 0.04), as well as an interaction between these factors (H = 9.67, adjusted p-value = 0.004). Pairwise post-hoc comparisons, therefore, examined the effect of groups within each age separately. The GF peak rate was found to significantly differ between groups both in the younger (W = 2,407, adjusted p-value <0.001) and older groups (W = 5,557, adjusted p-value = 0.0006). The Figure 1 illustrates the differences in GF peak rate. A posteriori analyses were conducted to investigate whether the differences in the GF peak rate occurred because of differences in the maximum raw GF during the task or the time to reach the maximum raw GF. Maximum raw GF was not significantly different between CP and TD children (p-value = 0.8), but the time to peak was different (p-value <0.001), with a longer time to peak for CP (M = 2 ms, SD =1.6) compared to TD children (M = 1.1 ms, SD = 1.4).

[image: Box plot showing grip force peak rate (N/s) for non-dominant and dominant hands. Blue and red boxes represent typically developed (TD) and cerebral palsy (CP) groups, respectively, with younger and older subcategories. Significant differences, marked by asterisks, are observed between non-dominant hand groups. The dominant hand shows less variation.]

FIGURE 1
 The median and interquartile range of the GF peak rate in each group and each age range. Significant differences for the non-dominant hand for both age groups of the children with CP compared to TD children (adjusted p-value <0.001; ***). No effect was found for the dominant hand. A white shade represents children aged between 8 and 11, whereas blue or red shade represents older children.


The adaptation along trials testing the slope of the GF peak rate for each hand revealed no significant differences between groups or age. Additionally, when the slopes were tested against zero, none of the conditions exhibited a slope significantly different from zero. This observation indicates a general tendency for constancy throughout the task, irrespective of the group, hand, or age.

The amount of change between pairs of trials of the dominant hand did not show any significant effects. Significant differences in the GF peak rate relative change were observed for the non-dominant hand, with a main effect of group (H = 6.06, adjusted p-value = 0.02) and an interaction between group and age (H = 9, adjusted p-value = 0.003). Post-hoc pairwise comparisons of the effect of the group for each age indicated a significant effect of the group only for the younger participants (W = 8,172, adjusted p-value <0.001). These results suggest that the relative change is influenced by group and age for the non-dominant hand. Additionally, the slopes of the relative change did not differ from zero for any condition, suggesting no overall trend or significant change in force across trials for any of the conditions.

The trial factor did not show any significant effects.



3.1.1.2 LF peak rate

The difference for the LF peak rate was tested for each hand. It revealed a main effect of age (H = 11.09, adjusted p-value = 0.004) for the dominant hand, irrespective of the group, as well as a main effect of group for the non-dominant hand (H = 41.69, adjusted p-value <0.001). This result indicates that the non-dominant hand’s LF peak rate varied between groups. Figure 2 illustrates the group effect for the non-dominant hand and the age effect for the dominant hand. A posteriori analyses were conducted to test whether the differences in the LF peak rate resulted from differences in maximum LF during the task or in time to reach the maximum LF. Both maximum LF and time to LF peak were significantly different between CP and TD children (p-value <0.001), with higher LF for children with CP (M = 10 N, SD = 4.7) compared to TD children (M = 8.8 N, SD = 1.1) and increased time to reach LF maximum value for children with CP (M = 1.9 ms, SD = 1.8) compared to TD children (M = 0.9 ms, SD = 1.5).

[image: Box plot comparing LF peak rates (N/s) for non-dominant and dominant hands across different groups: TD (blue), CP (red), younger (white), and older (gray). Significant differences are marked with asterisks, with three asterisks above non-dominant hand group comparisons and two asterisks above dominant hand comparisons.]

FIGURE 2
 The median and interquartile range of the LF peak rate in each group and each age range. Significant effects of group for the non-dominant hand and age for the dominant hand were found (adjusted p-value <0.001, ***; p < 0.01, **). A white shade represents children aged between 8 and 11, whereas blue or red shade represents older children.


The adaptation along trials of the LF peak rate did not differ between groups or ages for either the dominant or non-dominant hand. A significant difference from zero was only found for the non-dominant hand in the younger TD group (adjusted p-value <0.001). This observation suggests a general tendency for constancy throughout the task, except for the younger TD children using their non-dominant hand, which modulates their LF peak rate.

The amount of change between pairs of trials using the relative change in the LF peak rate differed between groups for both the dominant hand (H = 7.08, adjusted p-value <0.01) and the non-dominant hand (H = 13.74, adjusted p-value <0.001). This observation suggests that the amount of change between pairs of trials varied according to the group, irrespective of the hand. A slope significantly different from zero was observed only for the non-dominant hand in older TD children (adjusted p-value = 0.002). This result indicates that the relative change in the LF peak rate differed explicitly for this group and condition.

The effect of trial for every condition showed significant differences between trials only for the non-dominant hand in the TD group for both the younger (χ2 = 46.31, adjusted p-value <0.001) and the older group (χ2 = 36.03, adjusted p-value = 0.001). Post-hoc pairwise comparisons between each pair of trials are depicted in Figure 3, indicating that both younger and older TD children using their non-dominant hand showed adaptation to the task after a few trials. The younger TD children could adapt from the 6th trial since no effect of trials is observed after the 6th trial, whereas the older TD children adapt from the 2nd trial since no effect of trials is observed after the 2nd trial.

[image: Line graph showing LF peak rate (N/s) against trial number. Red line represents CP group and blue line represents TD group over 13 trials, with annotations indicating significant differences at certain trials.]

FIGURE 3
 LF peak rate of each group and each age range along trials for the non-dominant hand. The red ink line represents data for children with CP whereas blue ink line represents TD children data. The thick line represents data for children aged between 11 and 17 whereas the thin line represents data for children aged between 8 and 11.





3.1.2 Objective 2: association between feedforward control and white matter tracts

It was possible to reconstruct all tracts on both sides in all participants, except for the FPC and CFT tracts on the lesioned hemisphere for one participant (S43) and of SLF in the lesioned hemisphere for two participants (S8 and S81). The tracts and the metrics are illustrated in Figure 4. Asymmetry of the FPC and CTF metrics and GF and LF peak rates asymmetry indices are displayed in Figure 5.

[image: A set of brain imaging scans and corresponding graphs showing comparisons of fiber tracking results across four columns labeled FA, AFD, OD, and VOL, and four rows labeled FPC, CTF, CST, and SLF. Each scan uses a color scale to depict data intensity, accompanied by graphs below each scan representing participant data points. The graphs show values of the respective brain metrics across various participants, distinguished by colors. Axes include measurement values on the y-axis and participant identifiers on the x-axis. The images and graphs depict relative differences in brain metrics and volumetric data.]

FIGURE 4
 Diffusion metrics (i.e., FA, AFD, OD, and volume) for the four tracts (i.e., FPC, CTF, CST, SLF) by participants. Each scatterplot represents the data for the lesioned hemisphere (i.e., red dot) and the controlesional hemisphere (i.e., blue dot). The asymmetry indices are indicated in gray (i., right axis). The tracts of the participant showing higher asymmetry between hemisphere is displayed on their T1 image and indicated by the yellow square on the scatterplot. The colors of the tracts represent the metric variation along the tract.


[image: Box plot displaying Asymmetry Index (AI) data across five groups: FPC, CTF, CST, SLF, and Feedforward Control. Each group shows box plots for factors FA, AFD, OD, and VOL. Statistical significance is indicated by symbols: asterisks (*) and hashes (#). The Feedforward Control section displays separate LF and GF peak rates.]

FIGURE 5
 Median and interquartile range of the asymmetry index (AI) of the fronto-ponto-cerebellar (FPC), cerebello-thalamo-frontal (CTF), corticospinal (CST) tracts and superior longitudinal fasciculus (SLF) for the dMRI metrics (FA; fractional anisotropy, AFD; apparent fiber density, OD; orientation dispersion index). The y-axis represents the asymmetry index (AI). Significant differences from zero are indicated with ** (p < 0.01) and trend (i.e., p-value between 0.05 and 0.1) are shown with #.


No correlations were found between feedforward control and FPC or CTF tracts. Significant strong negative correlations were found between GF peak rate asymmetry and SLF volume asymmetry (r = −0.94, p = 0.02). For the asymmetry of the LF peak rate, a positive strong correlation was observed with asymmetry of FA of the SLF (r = 0.94, p = 0.02) and the CST volume asymmetry (r = 0.88, p = 0.007). Figure 6 shows the correlation matrix with p-value.

[image: (A) Heatmap showing correlation coefficients between AI metrics and tracts: Fronto-Ponto-Cerebellar, Cerebello-Thalamo-Frontal, Superior Longitudinal Fasciculus, and Corticospinal. Highlights include significant correlations in yellow and blue. (B) Graphs of Superior Longitudinal Fasciculus and Corticospinal tract visualizing AI LF or GF peak rates against AI FA or VOL, with linear regression lines.]

FIGURE 6
 (A) Correlation matrix for asymmetry index (AI) of GF peak rate and LF peak rate with fractional anisotropy (FA), apparent fiber density (AFD), orientation dispersion index (ODI), and volume (VOL) for fronto-ponto-cerebellar and cerebello-thalamo-frontal tracts. All correlation coefficients are indicated, but only significant ones are colored. Trends (i.e., p-value between 0.05 and 0.1) are also noted. (B) Scatterplots and regressions line corresponding to the significant correlation in the A section.






4 Discussion

The present findings demonstrated that children with CP exhibited the expected lateralized differences of force control compared to TD children, as indicated by lower GF and LF peak rates, this deficit being more pronounced in the younger group for the GF peak rate. The adaptation results were mixed. While no significant adaptation in GF peak rate was observed in either group, the LF peak rate adaptation was present only in TD children, specifically when using their non-dominant hand. Younger TD children adapted after the 6th trial, while older children adapted earlier, starting from the 2nd trial. Although feedforward control variables were associated with CST and SLF microstructural measures, no correlations were found with the corticocerebellar tracts, contrary to our expectations. This lack of association could suggest that corticocerebellar pathways may play a less critical role in feedforward control in children with CP.

The differences in the forces (i.e., GF and LF) peak rates for the non-dominant hand in children with CP can be attributed to either applying lower force or taking longer to apply the force. This effect is more pronounced in younger children with CP, likely due to motor developmental delays (74), while older children with CP show less pronounced feedforward control deficits that improve with maturation over late childhood (40, 41). Children with CP often take longer to apply forces, as reflected by an extended longer time to reach maximum raw force, likely compensating for sensory deficits by stimulating more mechanoreceptors (75–77). These differences may reflect feedforward control deficits as peak force occurs before sensory feedback is available (78, 79). However, it has been suggested that reduced forces peak rate in children with CP are indicators of their reliance on sensory input to adjust their grip and then initiate lifting (79, 80), controlling their movement through feedback control (81–83). Peripherical factors may also contribute since reduced forces peak rates are only present in the hemiplegic hand. The GF is associated with sensory and motor impairments in stroke patients (84), and the GF peak rate is linked to pinch strength and tactile discrimination in CP (15). The LF is influenced by muscle and joint function (25), and children with CP generally show reduced muscle activation in the hemiplegic arm (85). These findings likely indicate broader sensorimotor impairments and a combination of different factors rather than relying purely on feedforward control deficits (86).

This observation is further supported by the lack of correlations with corticocerebellar tracts (i.e., FPC and CTF), suggesting that the deficits in children with CP are more related to motor command and sensory integration in their deficits (i.e., CST and SLF). The correlations found for the SLF, involved in selecting grasp parameters based on object properties (58), underscores the role of sensorimotor tracts in refining the internal model, highlighting the importance of sensory feedback in updating the internal model (19). Adaptation across trials was only observed for the non-dominant hand of TD children confirming that they adjust their LF by the second lift (87). The absence of adaptation in children with CP may explain the lack of associations with corticocerebellar tracts. Adaptation involves forming internal representations based on sensory feedback from each lift, which guides future actions under similar conditions (16, 17, 79). In TD children, adaptation may be less pronounced in the dominant hand because internal models of object properties can transfer between hands (88). In the current study, TD children always first grasped and lifted the object using their non-dominant hand. Thus, forming the internal model is allowed by the first hand used in the task, but it requires proper integration of sensory information. Even children with CP can apply appropriate force with their non-dominant hand after initially grasping with their dominant hand, demonstrating that internal models can be shared between hands and is possible in CP when the dominant hand is used first, which allows sufficient sensory input for updates (89). Thus, the lack of adaptation in children with CP may be due to altered sensory integration related to object characteristics when starting with their non-dominant hand. This could lead to insufficient sensory input and/or altered processing, hindering the proper formation of internal models. These findings underscore the need for further investigation into sensory function in grasp and lift tasks.

The lack of adaptation in the GF peak rate for both groups was unexpected. GF is typically more closely related to object texture (90), while LF is influenced by object weight (91). The adaptation mechanisms and the potential for transferring internal models between hands, particularly in relation to texture, have not yet been studied (19). The GF peak rate showed less retention over days compared to the LF peak rate and is less critical for task success (88). Additionally, GF peak rate adaptation has only been observed in participants with normal wrist angulation; those with hyperflexion did not show adaptation (92). In our task, participants could either use a precision grip with the wrist aligned at finger level or a downward pinch with a flexed wrist. These different grip strategies have been shown to influence the feedforward control of GF (93). Standardizing wrist position might have allowed us to observe adaptation or at least account for its effects.

A surprising result concerns the strong negative correlation between SLF volume and the GF peak rate, indicating that lower volume asymmetry (i.e., more similar volume between hemispheres) is associated to greater asymmetry of the GF peak rate between hands. We expected the opposite correlation, as volume loss on the ipsilesional side is typically associated with more deficits (94). However, higher white matter tract volume does not always indicate better motor function. For instance, reduced white matter volume in children with autism is correlated with poorer motor function compared to TD children (95). This observation is especially pronounced in later myelinated white matter regions (96), and it has been shown that SLF volume matures later than most white matter tracts (97). In children with autism, the non-functional increase in white matter arises from global brain abnormalities that impair functionality, driven by microscopic abnormalities in cortical column organization that favor shorter connecting fibers over longer ones (95, 98). Similarly, children with CP have reduced long-range connections (94), suggesting that the increased volume may result from a reduced long-distance connection, such as those from the parietal and premotor cortices, but instead have higher local connections.

This study has a few limitations, the most notable being the small sample size of the CP group. Future research with larger sample sizes is needed to validate these findings, minimize errors, and increase statistical power (99). These preliminary results should therefore be interpreted with caution and serve as a foundation for future studies. Additionally, the limited clinical characterization in our study constrains the scope of our conclusions. Hence, the results may not be applicable to children with other types of CP or with more severe impairments. Given the potential relationship between sensorimotor deficits and feedforward control, a more detailed assessment of sensory deficits in children with CP is necessary (19). Testing these hypotheses in children with CP across a broader range of clinical and neurological profiles would strengthen the reliability of our conclusions. Regarding the MRI data, averaging the metrics along tracts may miss some variation. Future studies should consider segmenting tracts at multiple points (100). Finally, a last limitation of this study is the absence of imaging data for the TD group, which prevents us from determining whether the observed correlations are unique to the CP group or reflect broader developmental patterns. Future studies should include imaging data from typically developing children to better contextualize these findings.



5 Conclusion

In conclusion, this study reveals significant force control deficits in the non-dominant hand of children with CP, which may be attributed to impairments in feedforward control. The associations observed with the CST and the SLF, both essential for grip and lift force modulation, and the absence of correlations with corticocerebellar tracts suggest that broader sensorimotor processes, beyond pure feedforward control, may contribute to these deficits. Nonetheless, there is a need for future studies with larger and more diverse cohorts to understand better feedforward mechanisms both at the behavioral and neurological levels in children with CP.
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Background: Stroke remains a leading cause of disability, making it critical to understand the underlying neurophysiological mechanisms for effective rehabilitation. Task-based functional Magnetic Resonance Imaging (fMRI) provides valuable insights into brain activation patterns; however, its correlation with clinical evaluations is not yet fully understood. This systematic review aims to explore the relationship between task-based fMRI findings and clinical assessments in stroke patients, comparing them to healthy controls.
Methods: Using the PubMed database and adhering to PRISMA guidelines, we identified and analyzed 11 eligible studies. Total participant is 323 participant with 258 of them is stroke patients and 65 is HC.
Results: Results reveal significant differences in brain activation patterns between stroke patients and healthy controls, with stroke patients displaying compensatory hyperactivation in certain brain regions such as cerebellum, inferior parietal cortex, and contralesional area. Additionally, longitudinal comparisons among stroke patients show notable improvements in activation patterns from baseline to the subacute and chronic stages following rehabilitation. These changes align with enhanced clinical outcomes, suggesting that fMRI may serve as a sensitive biomarker for recovery progress. Importantly, correlations between fMRI results and clinical scores highlight the potential of task-based fMRI to inform and refine rehabilitation strategies.
Conclusion: This review underscores the value of integrating fMRI findings into clinical practice to better understand stroke recovery mechanisms. Further research is needed to deepen our understanding of these associations and optimize patient outcomes in stroke rehabilitation.
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Highlights

	• Increased brain activity and activation intensity are linked to improved clinical outcomes in stroke patients.
	• Neuroplasticity plays a key role in stroke recovery by enabling brain reorganization.
	• Targeted rehabilitation strategies can effectively promote neuroplasticity, aiding motor and cognitive recovery.
	• Genetic factors, such as variations in BNDF gene, influence recovery, with certain variants linked to poorer outcomes.
	• Biomarkers, like perineal angiogenesis, can provide insights into stroke recovery trajectories and prognosis.
	• The findings emphasize the importance of personalized rehabilitation approaches to optimize recovery.



Introduction

Stroke is a condition where blood. Does not reach any part of the brain, leading to consequences such as loss of motor control, speech difficulties, and cognitive impairments. This disruption can result in various disabilities, depending on the area of the brain affected (1). Early intervention and rehabilitation are essential for improving recovery outcomes and enhancing the quality of life for stroke survivors (2). Utilizing functional magnetic resonance imaging (fMRI) to assess the specific impacts of stroke on an individual can inform targeted therapies and support systems, enabling more personalized rehabilitation approaches.

fMRI is a powerful, non-invasive tool widely used in healthcare environments. By measuring brain activity through changes in blood flow, fMRI can provide critical insights into brain functions and is valuable for research purposes, diagnosis, and treatment planning (3). Its ability to illustrate dynamic brain processes in real-time has transformed our understanding of the human brain, making it a cornerstone of modern medical imaging.

fMRI analysis can be divided into two types: resting-state or task-based. The general overview of the resting state does not include any task during the MRI process, while task-based involves specific tasks. This review only includes task-based fMRI analysis, as it provides insights into brain function during specific cognitive or sensory tasks, it allows us to observe how brain regions engage in response to specific stimuli or cognitive processes. When relating brain analysis to clinical assessment, task-based fMRI offers a powerful method for understanding a variety of neurological and psychological conditions. The integration of both task-based fMRI and clinical assessment can provide: (1) diagnosis and classification, (2) evaluation of treatment effect, (3) prediction of outcomes, and (4) research development.

Task-based fMRI offers a multifaceted approach to neurological diagnosis and treatment. By identifying abnormal brain activity patterns associated with specific disorders, fMRI aids in accurate diagnosis. For instance, changes in language task activation can assist in diagnosing aphasia (4), while altered motor task activation may indicate conditions such as Parkinson’s disease or multiple sclerosis (3, 5, 6). Furthermore, fMRI is instrumental in evaluating treatment efficiency by monitoring changes in brain activity before and after interventions. This allows clinicians to assess treatment responses and tailor therapies to individual patient needs. Additionally, fMRI can predict disease progression or recovery trajectories by analyzing initial brain activity and connectivity patterns (7, 8). This predictive capability informs clinical decision-making and provides patients with a clearer understanding of their treatment journey. Moreover, fMRI research facilitates the development of novel clinical assessment tools and therapeutic approaches by uncovering detailed brain function profiles related to specific tasks (9). By isolating specific brain regions activated during particular activities, researchers can gain a deeper understanding of cognitive processes and inform the creation of more effective diagnostic criteria and treatment modalities (10).

Integrating task-based fMRI with clinical assessments provides valuable insights into the neurophysiological mechanisms underlying stroke recovery. However, the precise correlation between brain activation patterns and clinical evaluations, particularly in comparisons between stroke patients and healthy controls, remains insufficiently understood. This gap warrants further exploration.



Methodology


Search strategy and selection criteria

Studies were found through a variety of methods that included computerized bibliographic searches and review of reference lists of pertinent articles according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (11). The database used was PubMed (National Centre of Biotechnology) to identify the articles and searched on 23rd May 2024. The keywords used were (((ischemic stroke)) OR (haemorrhage stroke)) AND (((((task-based fMRI) OR (tb-fMRI)) OR (task-based functional MRI)) OR (task-based functional magnetic resonance imaging))).

A total of 94 articles were generated from the database, as per Figure 1 (PICOS criteria for eligibility selection). These articles were transferred onto Google Sheets to aid with the screening progress. The PICOS criteria were employed to define the inclusion and exclusion parameters for article selection. Table 1 presents an outline of the criteria. The 93 articles were independently screened based on title and abstract. Studies were excluded if they did not involve humans, did not use task-based fMRI, did not analyze fMRI data, were conference abstracts, did not include stroke patients, or if the authors did not mention clinical assessments.

[image: Flowchart detailing the identification and screening process of studies for review. Ninety-three reports were identified from PubMed, with sixty-five excluded by title and abstract. Twenty-eight were assessed for eligibility, and eighteen excluded for reasons like non-fMRI or non-stroke focus. Ten studies were included. An additional three reports were identified from citation searching, all excluded as not human studies.]

FIGURE 1
 Flow diagram of the PRISMA study selection progress.




TABLE 1 PICOS criteria for inclusion in the systematic review.
[image: PICOS criteria table detailing research parameters: Population includes adults over 18 with a stroke. Interventions involve functional magnetic resonance imaging with task-based methods. Comparisons are made between healthy controls and stroke patients, including those after rehabilitation or with biomarkers. Outcomes focus on brain activation and correlations with clinical results. The study type excludes papers without statistical comparisons, such as case studies, reviews, editorials, conference papers, and non-English or non-human studies. Functional magnetic resonance imaging is defined as fMRI.]



Eligibility assessment

Twenty-eight articles were selected to undergo full-text screening, and eighteen more articles were further excluded from the review. One of the co-authors, HAM conducted a review and verification of the final ten articles. These articles underwent evaluation, and essential relevant data was summarized in a table for incorporation into the study. The search strategy, following PRISMA guidelines and the selected articles are documented in Figure 1 and following previous studies (12–19).



Data extraction

After selecting the appropriate articles, the following details were gathered: (a) study author(s), (b) year of publication, (c) country where the study was conducted, (d) number of participants, (e) average age of participants with standard deviation, (f) types of stroke, (g) time since stroke onset, (h) senses affected, (i) task conducted/task conducted to access motor function (j) versus, (k) analysis of fMRI data (Table 2). The information that was gathered underwent thorough review and discussion. In Table 3, we extracted the clinical data from each of the final articles, along with the brain activity and connectivity information, to analyze the relationship between clinical outcomes and neural patterns and implications for rehabilitation.



TABLE 2 Demographic table of reviewed article.
[image: Table summarizing stroke studies. Columns include authors, number and demographics of participants, mean age, comparison groups, stroke type, post-stroke onset, assessed functional areas, task/paradigm, and brain infarct locations. Participants' numbers range from 4 to 105, with varying study designs focusing on motor and aphasia assessments through different tasks targeting specific brain regions. Study sources cover multiple countries, including China, USA, and UK.]



TABLE 3 Clinical assessment and brain activity of reviewed article.
[image: A detailed table comparing various studies on clinical assessment, brain connectivity, correlation, and brain area activation in stroke and healthy control patients. The table includes column headers such as "Authors (Years)," "Clinical assessment," "Brain connectivity and correlation," and "Brain area activation." Specific findings from studies are summarized, focusing on differences and improvements in motor skills, reaction times, brain connectivity, and brain activation in different areas post-training or therapy. Various metrics and techniques, such as motor imagery and execution, are discussed in relation to their effects on patients.]




Results


Study characteristics

The literature search produced 94 articles; however, only 10 relevant articles met the PICOS criteria for the systematic review. The selected articles were published between 2007 and 2022 and covered a range of stroke-affected functional areas and task-based fMRI findings. The majority of the studies included in the review were conducted in the USA (1, 2, 20, 21), comprising a total of four studies. Additionally, three studies originated in China (22–24), while there was one study each from Colombia (10), Canada (25), and the UK (4). The total number of participants in this review is 357 participants, 160 were male and 93 were female. Two articles did not report the gender of the subjects (1, 10). Participants included in the studies had an average age range of 18 to 80 years.

The majority of articles (n = 7) focus exclusively on ischemic stroke (4, 10, 21–25), while two articles address both ischemic and hemorrhagic stroke (2, 20), and one article specifically examines cerebral stroke (1). The reported onset of stroke varied widely, with duration ranging from subacute (2 weeks) to chronic (up to 5 years), although three studies did not specify participants’ stroke on set (2, 21, 23).

The predominant focus of the articles is on the motor area and sensorimotor area, with seven studies addressing these topics (1, 2, 21–25). In contrast three articles center on the speech-language area (4, 10, 20). Each article employed various task paradigms specifically designed to meet its objectives. For instance, studies focused on the speech-language area often utilized tasks such as picture naming (4), while those investigating the motor area typically included tasks like finger tapping or full hand flexion (21, 22). Details of the tasks conducted for each article can be seen in Table 2.

The studies included in the review can be categorized into two distinct types. The first category compared various aspects of stroke among stroke patients (six studies) (2, 4, 10, 21–23). The study includes; analyzing changes observed before and after training (4, 21, 22). One study reported the differential impact of genetic backgrounds on post-stroke outcomes (10). One study reports on how stroke affects cognitive and motor functions differently using resting state and task-based conditions (23). Finally, one study reports the best fit dynamic causal modeling among stroke patients (2).

The second category compared the differences between stroke patients and healthy controls (1, 20, 24, 25). This comparative approach is instrumental in discerning variations in brain function, cognitive abilities, and functional connectivity between individuals who have experienced a stroke and those who have not.



Effect of functional disorders post-stroke on brain activation


Motor function

Motor impairment is a neurological condition that affects an individual’s ability to move, coordinate, and control muscle movements. Motor dysfunction can significantly affect daily activities, mobility, and quality of life. This review examines 6 studies on motor dysfunction and its clinical assessment, providing insights to improve understanding, interventions, and patient outcomes.

All six articles report on the same area of the brain which are primary motor cortex (M1), premotor cortex (PMC), and supplementary motor area (SMA). Du et al. (22) reported an enhancement of brain activity in the ipsilesional M1, PMC, SMA, and contralesional hemisphere in the affected hand. After the stroke patients went through a rehabilitation process for 3 months, and all patients had improvement in motor deficit and stroke disability assessment.

Bajaj et al. (2) correlated brain activity with the Fugl-Meyer Assessment (FMA) score. The author found that stroke patients showed an improvement after training compared to baseline. During motor imagery tasks, the affected hand shows significant bidirectional connections between the SMA and the PMC and between PMC and M1. During motor execution tasks, the affected hand shows a lower significant connection between SMA and PMC after training. During both motor imagery and motor execution tasks, unaffected hands showed a significant bidirectional connection between PMC and M1, and between SMA and M1 compared to baseline whereby only connection from M1 to PMC was found.

Saleh et al. (21) used virtual training on stroke patients to demonstrate the effect of virtual training on motor dysfunction. The author reported an increase in angular excursion and angular velocity after 8 days of training. fMRI analysis illustrated increased connectivity after training compared to baseline in the ipsilesional motor cortex and bilateral sensorimotor areas. However, patients with subcortical lesions show smaller increments of connectivity in the same area. In the contralesional hemisphere, only one patient showed active voxels in the post-training phase compared to baseline, while others showed no active voxel. Ipsilesional hemisphere, on the other hand, shows active voxel in two patients (Patient 3 and Patient 4) in post-training compared to baseline.

Li et al. (23) investigated task-based fMRI on the hand knob area (HK) and perinidal angiogenesis (PA). The presence of PA-HK was significantly associated with lower interhemispheric activation, and there was no correlation between PA-HK nidus volume and interhemispheric activation. The authors reported all patients had an activation center located in the hand knob area within contralesional M1. For the ipsilesional hemisphere, most patients (17 out of 21) activation center are within the M1. One patient shifted the activation center laterally from HK, and three patients had no significant activation detected. These findings suggest that PA may disrupt motor activation patterns in stroke patients.

When comparing stroke patients with healthy control (HC), there are clear differences in clinical outcomes and brain activities as described in Meehan et al. (25). All participants engaged in continuous tracking of a target moving in a sine-cosine waveform by manipulating a joystick. The waveform consists of either a repeated sequence pattern or a random sequence pattern within a period. At baseline, HC showed less tracking error compared to stroke patients. After 6 days of training, stroke patients displayed gains in tracking with a smaller number of inaccuracies. fMRI analysis in random sequence tracking, HC exhibits a blood oxygenation level dependent (BOLD) response in the dorsolateral prefrontal cortex, whereas stroke patients show no response in this region. For repeated sequence tracking, in the dorsal premotor cortex (PMd), both HC and stroke patients show a small positive BOLD response during random sequence tracking. However, for repeated sequence tracking, HC has a higher positive BOLD response compared to stroke patients.

Stroke and HC exhibited high-level positive correlations between regions of interest (ROI) which were hand-related sensory-motor and imagination cortices (24). In the study, the evaluation focused on the common activation and suppression finger-tapping task. The article also states that stroke patients have a higher positive correlation among the ROI compared to HC in the ipsilesional hemisphere. In this article, the author uses intersubject correlation (ISC) and intersubject functional correlation (ISFC). Stroke patients have a wider activation range compared to HC, activating the bilateral upper-limb motor region. They also have more significant pairs within the contralateral side and more positive pairs between the bilateral and lower body ROI. The increased positive correlations in ipsilesional hemisphere indicate an attempt to strengthen connections related to motor control.



Language function

Three articles specifically focus on stroke patients with language impairment. Kristinsson et al. (10) observed genotype-specific differences in brain-derived neurotrophic factor (BDNF) in cortical activation patterns among stroke patients. The article suggests that typical BDNF is linked to lower aphasia severity and higher accuracy in semantic memory and language abilities compared to atypical BDNF. MRI data showed similar activation patterns in stroke patients, with the highest intensity in the posterior temporal gyrus, pre- and postcentral gyrus, and longitudinal fissure. The study suggests that typical BDNF may enhance neural activity related to language processing and semantic memory, contributing to better outcomes in aphasia patients and enhancing neuroplasticity and recovery after stroke.

Nardo et al. (4) examined the effects of anomia training in stroke patients and used the same picture during scanning. After six weeks of training, patients showed improved accuracy and faster reaction times compared to their initial performance. Brain imaging BOLD responses revealed increased activity in the right anterior insula and right inferior frontal cortex after training. Additionally, the authors noted positive changes in BOLD responses in the right dorsal anterior cingulate cortex, and left premotor cortex when comparing the results after training to the baseline measurements. The increased BOLD responses in the key regions associated with language and executive function indicate that the training may facilitate neural reorganization.

One article in this review compared HC with stroke patients in relation to language impairment. Bonakdarpour et al. (20) identified differences in hemodynamic response functions among aphasic patients when engaged with words and pseudo-words. In clinical comparisons between HC and stroke patients, HC showed higher accuracy compared to stroke patients. In terms of reaction time, HC had a lower reaction time compared to stroke patients. The author also reported on the perisylvian region and visual cortex. In the perisylvian region HC, along with two stroke patients (A2 & A7) showed lower BOLD time to peak (TTP) compared to other stroke patients. In the visual cortex, HC and stroke patients show no difference in BOLD TTP in the left primary visual cortex and right occipital area.



Micturition dysfunction

Kreydin et al. (1) demonstrated micturition-related brain activity in stroke patients who developed lower urinary tract (LUT) symptoms. The study reported that HC experienced less severity and lower distress related to an overactive bladder compared to stroke patients. HC showed higher brain activation than stroke patients in the PMC, SMA, and cingulate cortex (anterior and posterior). Stroke patients have higher activation than HC in the cerebellum. Dorsolateral prefrontal cortex activation occurred only in HC. However, stroke patients have activation in the insula, periaqueductal grey, and inferior parietal cortex. These findings suggest that stoke patients with LUT symptoms may experience Altered neural responses during micturition, reflecting the complex interplay between motor control and bladder functions. The activation of insula and periaqueductal grey in stroke patients highlights their role in the emotional and autonomic aspects of bladder control.




Task-based fMRI paradigms

All the reviewed articles use a block diagram, which consists of rest and stimulation alternating periods. The alternating rest and stimulation phases help distinguish between baseline brain activity and activity induced by specific tasks as in Table 4. In this review, we found three main observed functional areas, motor, language and urinary tract. We have six articles examining motor function (2, 21–25), three examining speech language function (4, 10, 20) and one article examining urinary track (1). Three articles use finger taping, and one article each for motor imaginary, hand flexion and joystick tasks. Finger tapping and hand flexion challenge fine motor coordination and speed, engaging areas like M1, PMC, and SMA. Motor imagery has been shown to activate similar brain regions as actual movement, including the M1 and prefrontal cortex. In the joystick task, participants are given a sine cosine wave, and they need to follow the wave using the joystick movement. Joystick tasks involve the coordination of hand movement with dynamic visual feedback, activating M1 as well parietal cortex. In language impairment articles, authors use picture naming with two article reports and words and pseudowords with one report. Picture naming involves presenting participants with pictures of objects and asking them to name them aloud. This is linked to activation in Broca’s area, Wernicke’s area, and angular gyrus. Words and pseudowords recognition test the brain’s ability to recognize and process familiar words forms. Word recognition typically engages areas in the left posterior lobe and angular gyrus. One article uses urodynamic cycle to observe brain activation. Participants asked to undergo simulation of the filling, and voiding. This task aims to understand how the brain processes sensation of bladder fullness and urgency. All these paradigms are designed to investigate how different types of stimuli alter brain activity and provide insight into neural mechanisms involved in each functional area.



TABLE 4 Motor impairment and task paradigms of the reviewed articles.
[image: Table listing studies with columns for authors and year, affected functional area, and task paradigm. Studies by Du et al., Bajaj et al., Saleh et al., Meehan et al., Li et al., and Wang et al. focus on Motor tasks. Kristjansson et al., Nardo et al., and Bonakdarpour et al. focus on Language. Kreydin et al. focuses on the Urinary tract. Task paradigms include finger tapping, motor imaginary tasks, full hand flexion, joystick tasks, picture naming, words and pseudowords, and urodynamic cycle.]



Limitation of included studies

This review uncovers limitations shaped by the authors’ experiences. Key challenges include small sample sizes and striking differences in group sizes, which could impact the findings. Additionally, the authors report technical limitations, such as structural image flipping from left to right (22). They also mention pre-experiment procedural issues, such as not measuring blood flow before the MRI scan, which affects the hemodynamic responses of patients (20), as well as diverse stroke latency in patients (2) and the absence of urodynamic evaluation (1). Furthermore, the articles highlight uncontrolled external factors that could slightly affect the results, such as the heterogeneity of rehabilitation among patients (22), individual patient behavior and brain deficits (2, 20), and motivation or social support received by the patients (10). The authors also report a deficiency of data, such as the exclusion of perfusion imaging data, which could enhance the understanding of blood flow (23).

Additionally, the authors express dissatisfaction with their findings for several reasons: focusing on only one set of findings, which limits the ability to correlate results (10); the etiology of stroke, which includes both hemorrhagic and ischemic types (20); the possibility that the results are due to compensation by other regions (23); and differences in movement kinetics among patients (21).




Discussion

In this systematic review, we aim to examine alterations in brain activity and intensity of activation in stroke patients, and how these changes correlate with clinical outcomes. The review synthesizes findings from various reports that detail how modifications in brain activity and activation intensity relate to clinical progress. Generally, improvements in clinical outcomes are associated with positive changes in brain activity and activation intensity, regardless of whether the training session spans a few days or several months. This is evident in articles focusing on the motor areas of the brain, which report greater activation in the SMA and PMC (2, 22), while studies examining language and speech highlight activation in Broca’s area and the perisylvian region (4, 20).


Brain compensation mechanisms post-injury

The brain’s ability to compensate after injury is a remarkable example of its plasticity, or its capacity to reorganize and adapt to new circumstances. Following an injury such as stroke, the brain often undergoes significant changes in response to the loss of function in certain areas. This process of functional compensation allows other parts of the brain to take over the responsibilities of the damaged regions.

Neuroplasticity is one of the fundamental aspects of post-injury brain compensation, which is the brain’s ability to form a new neural connection. Neuroplasticity allows for the recovery of lost functions, but it can also lead to the recruitment of alternative regions that were not originally involved in the lost function. Same as Wang et al. (24) which reported an increase in activation in motor areas of the opposite hemisphere from the affected hemisphere. Initially, the ipsilesional hemisphere often exhibits reduced activity due to the damage caused by the stroke, which impairs motor function on the affected side. However, as recovery progresses, excitability in the opposite hemisphere gradually increases influenced by neuroplasticity and rehabilitation efforts. This supports previous findings indicating that ipsilesional corticomotor excitability, initially suppressed leads to an increase over time while activation in unaffected hemisphere rises (26). Meanwhile, the contralesional hemisphere often compensates by becoming more active, which can support recovery but may also lead to maladaptive changes if overly dominant (27, 28).

Compensatory mechanisms have significant implications for rehabilitation. By understanding how the brain reorganizes itself after injury, rehabilitation strategies can be designed to enhance these compensatory processes.



Task-based fMRI paradigms on promoting neuroplasticity

Task-based fMRI paradigms play a key role in promoting neuroplasticity by engaging the brain in structured, repetitive activities that target specific motor or cognitive functions. Tasks such as hand flexion or joystick control challenge the brain to reorganize its neural circuits, particularly after neurological injuries like stroke (21, 25). The more these tasks are performed, the more likely new neural pathways will form, compensating for damaged areas and aiding recovery.

Central to this process is “experience-dependent plasticity,” where repeated practice strengthens synapses and forms new neural connections. Variations in task intensity, duration, and movement type can influence brain regions activated, further promoting neuroplastic changes (53, 54). For example, language exercises can stimulate speech-related areas, leading to improved communication abilities (4). Research indicates that varying task intensity enhances language and speech recovery, as seen in studies on anomia treatment (51, 52, 56).

In clinical practice, task-based paradigms support recovery by encouraging the brain to adapt and reorganize. For stroke survivors, adjusting task difficulty and repetition promotes functional recovery, leading to greater independence in daily life (55, 57).



Gene-related factor on stroke recovery

Recovery from a stroke is a complex, multifaceted process that involves a dynamic interaction of various factors. While much of stroke recovery focuses on rehabilitation strategies and medical treatments, recent research suggests that genetic factors may also play a significant role in shaping recovery outcomes (48). Gene influence many biological processes that are crucial for recovery, such as neuroplasticity, inflammation, cell survival, and tissue repair. Additionally, genetic variations can affect how an individual responds to different rehabilitation therapies or medications, leading to more personalized treatment approaches.

In a discussion of neuroplasticity and cognitive recovery after stroke, brain-derived neurotrophic factor (BDNF) emerges as a critical molecular player. BDNF supports synaptic plasticity, neural survival, and growth, with its secretion influenced by neuronal activity (29–31). A common genetic variation In the BDNF gene is the Val66Met polymorphism with variants of Met alleles at the polymorphic site. This variant of met alleles which linked to a poorer cognitive outcome. Previous studies have shown that the presence of met alleles results in reduced memory, learning, and also high severity of aphasia (10, 32, 33). In our review, the met alleles patient shows low accuracy of semantic and language abilities compared to non-carriers (10). To support this statement, met alleles also demonstrate poor brain activation and smaller brain activation volume which results in worse functional recovery after stroke (34–37). This indicates that genetic variations in BDNF may significantly impact recovery trajectories and underscore the importance of personalizes approaches in stroke rehabilitation.



Training interventions: enhancing cognitive function post-stroke

Training and interventions aimed at enhancing cognitive function post-stroke have shown significant improvement in brain and clinical outcomes. Studies indicate that targeted training leads to increased brain activation and better functional connectivity, which contribute to improved daily life management (2, 21, 22, 25). These findings suggest that interventions focused on motor and cognitive functions can positively impact clinical assessment and support recovery by stimulating neural pathways involved in both motor control and cognition.

The process of neuroplasticity, whereby the brain reorganizes and forms new neural connections, plays a key role in these improvements (38). By engaging in structural rehabilitation, stroke patients can enhance brain activity and promote functional recovery. The evidence shows that targeted therapeutic approaches effectively stimulate the brain’s neural networks, enabling recovery in both motor and cognitive functions by fostering the reorganization of neural circuits.

In aphasia, a language disorder caused by stroke targeted training interventions can enhance neural activity in language-related brain areas, improving language recovery. Aphasia impacts communication, significantly affecting daily life and equality of life. Studies have shown that language-focused rehabilitation leads to increased brain activation in key areas such as Broca’s and Wernicke’s area, which supports language function recovery (4). Neuroplasticity plays a critical role in aphasia treatment, where stimulating neural pathways involved in language processing facilitates functional reorganization and communication recovery.



Key indicators of brain function in stroke recovery

The observed finding also identifies Perinidal Angiogenesis as a predictor of brain activity (23). The author does not mention about correlation of clinical assessment with brain activity. However, the author correlates the Perinidal Angiogenesis and Hand Knob (PA-HK) presence to make the interhemispheric activation lower compared to patients that do not have PA-HK. This theory supported by the “sump effect” of arteriovenous malformations (AVMs) causes the arteriovenous to dilate and absorb the blood from nearby vessels into the nidus, which indirectly supplies it and leads to the dilation of secondary vessels (39, 40). Seconds theory is that high-flow shunts in AVMs can cause the brain to lose oxygen because of reduced blood flow and increased pressure in the veins (36, 41, 42). That concludes that PA-KH presence makes the interhemispheric activity decrease.



Neurocognitive differences between healthy individuals and stroke patients

Understanding brain activity in normal individuals compared with stroke patients reveals significant differences that are critical for both diagnosis and rehabilitation. Despite having major differences in clinical assessments, there are variations in the context of brain activity. Research by (20) indicates that HC demonstrates higher accuracy and faster reaction times compared to stroke patients. Brain activity in HC shows lower BOLD TTP compared to stroke patients, particularly in the perisylvian regions. These regions play a key role in the encoding and decoding of speech sounds, syntactic structure, and semantic meaning (50). Furthermore, patients also demonstrate an unusual BOLD response curve, marked by extended dips and a significantly delayed positive peak. These patterns suggest that oxidative metabolism is occurring without the typical increase in cerebral blood flow (43, 44), which reduces blood flow to the brain area, thereby lowering the TTP of the BOLD signal. The observed differences in BOLD TTP between HC and stroke patients may reflect the impact of stroke-related injury on the efficiency of neural processing within these language areas. Importantly, this dysfunction highlights the potential for targeted rehabilitation strategies (49).

Along with this finding, one article by Kreydin et al. (1) Compares HC and stroke patients when encountering micturition. The results found that stroke patients exhibit more intense activity in the insula area. The insula is reported to be activated during urinary storage (45, 46). This has also been confirmed by Griffiths et al. (47). Kreydin et al. (1) hypothesize that increased activation in the insula may increase the sensation of urgency in stroke patients and create negative feedback from other regions. Reflecting on the current review, stroke patients have problems with controlling the lower urinary tract system.



Limitation and conclusion

However, several limitations have arisen and that need to be acknowledged. The diversity of methodologies, recovery programs, and sample sizes can affect the generalizability of findings. Moreover, the differences in stroke types and patient demographics may influence the specific impacts of changes in brain activity on outcomes. Future research should aim to standardize assessment techniques and explore longitudinal outcomes to better understand these relationships.

Comparative analyses between healthy individuals and stroke patients reveal distinct patterns of brain activity, underscoring the necessity for personalized rehabilitation approaches. These findings advocate for further exploration of the mechanisms of neuroplasticity, with the ultimate goal of optimizing stroke recovery strategies and improving the quality of life for stroke survivors.

This systematic review highlights the crucial relationship between changes in brain activity and clinical outcomes in stroke patients. The findings consistently demonstrate that increased brain activity and activation intensity are associated with improved functional outcomes, emphasizing the effectiveness of targeted rehabilitation strategies. Neuroplasticity emerges as a key mechanism, facilitating the reorganization of neural pathways essential for motor and recovery of motor and cognitive functions. Targeted interventions, particularly in patients with aphasia, not only enhance motor and language abilities but also promote overall recovery. Additionally, biomarkers such as BDNF and perinidal angiogenesis provide valuable insights into patients’ prognoses and recovery trajectories.
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Introduction: Optimal upper limb recovery requires high-dose physiotherapy; however, this essential component of rehabilitation is under-delivered. Mental practice represents an accessible and cost-effective adjunct to conventional therapy. We therefore evaluated the efficacy of an enhanced mental practice treatment (combined action observation and motor imagery, AO + MI) for promoting upper limb recovery post stroke.
Methods: Searching 10 databases, we identified 18 eligible studies (N = 336), comprising nine randomized controlled trials (RCTs) and nine non-randomized controlled trials (non-RCTs). RCTs were meta-analyzed using upper limb function outcomes (Fugl-Meyer Assessment for upper extremity, FMA-UE; Action Research Arm Test, ARAT). Non-RCTs (not eligible for meta-analysis) were narratively synthesized using upper limb and neuroimaging outcomes.
Results: Seven RCTs reported FMA-UE scores (n = 189), where the standardized mean difference (SMD) for AO + MI treatments was moderate (SMD = 0.58, 95%CI: 0.13–1.04, p = 0.02). Two additional RCTs reported ARAT scores. Meta-analyzing the combined FMA-UE and ARAT scores (n = 239) revealed SMD = 0.70 (95%CI: 0.32–1.09, p = 0.003). No significant correlations existed between the pooled effect size and several moderators (age, time since stroke, intervention duration, control condition, outcome measure and AO + MI arrangement), indicating consistent AO + MI practice effects. Overall, AO + MI significantly improved upper limb function across all nine RCTs, and all nine narratively synthesized studies, including neuroimaging outcomes. Limitations included inconsistent terminology, intervention design, clarity of reporting, and modality.
Discussion: AO + MI practice can promote upper limb recovery following stroke. AO + MI can therefore be used as a bridge between AO therapy (requiring little effort in early recovery), and the more cognitively demanding MI. Researchers must adopt standardized reporting protocols to further establish AO + MI practice efficacy.
Systematic review registration: The review was registered with PROSPERO under the registration number CRD42023418370. The registration is publicly accessible at the following URL: https://www.crd.york.ac.uk/PROSPERO/view/CRD42023418370.
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1 Introduction

A stroke is a medical emergency resulting from the interruption or reduction of blood flow to the brain, depriving brain tissue of oxygen and nutrients, leading to rapid cell death (1). It is a major cause of long-term disability, with nearly 50% of survivors experiencing persistent impairments in mobility, speech, and cognition (2). Functional and cognitive impairments, including dementia, are also common following a stroke, with their incidence rising over extended follow-up periods (3). These functional deficits significantly reduce the quality of life and create substantial burdens on caregivers and healthcare systems (4). Upper limb impairment is among the most debilitating consequences of a stroke, significantly limiting a survivor’s ability to perform daily activities and achieve functional independence (5). This impairment, which affects the majority of stroke survivors, often results in long-term disability, diminished independence, and a reduced quality of life (6, 7).

The significant impact of upper limb impairment underscores the need for effective rehabilitation strategies to restore motor function and support recovery. High-dose physiotherapy interventions are evidence-based and essential for optimizing recovery outcomes (8, 9). According to the National Institute for Health and Care Excellence (NICE) quality standards, individuals receiving stroke rehabilitation in hospital or community settings should receive a minimum of 45 min of relevant physiotherapy 5 days a week, alongside regular evaluations with professionals and vocational rehabilitation (10). Although the percentage of patients receiving this level of treatment has increased over the past 5 years, a significant number of individuals still do not receive the necessary amount of rehabilitation therapy (10). Furthermore, Veerbeek et al. (11) highlighted routine physiotherapy, which forms the foundation of post-stroke rehabilitation, often falls short of meeting the intensity needed to achieve optimal results. Therefore, exploring accessible, low-cost, and effective adjunct interventions is essential to promoting stroke recovery.

Mental practice is recognized as an intervention for promoting upper limb recovery following stroke (12). It is therefore recommended for use by several international guidelines for achieving best practice in stroke recovery (10, 13–15). For example, “People with stroke who are able and motivated to participate in the mental practice of an activity should be offered training and encouraged to use it to improve arm function, as an adjunct to usual therapy.” (p. 32, 118). This is a low-cost, accessible and non-invasive approach that can complement physiotherapy to facilitate motor recovery (16).

Traditionally, there have been two forms of mental practice used for promoting upper limb recovery post stroke: action observation (AO) and motor imagery (MI) (17, 18). AO is a form of mental practice involving the deliberate and structured observation of another person performing a movement task or skill (19). This can enhance motor learning by activating, in the observer, an internal motor representation of the observed action, and thereby facilitating action imitation (20–22, 119).

Research indicates that AO therapy can significantly improve upper limb movements in ischemic stroke patients by stimulating neural circuits involved in action execution and motor learning (23–25). While those systematic reviews and meta-analyses found beneficial effects for AO therapy on upper limb recovery in stroke survivors, the magnitude of AO effects is often small, and can be below clinical thresholds of detection [see (26)]. Since AO requires little effort on behalf of the user, this technique may be best suited to early stages of recovery.

MI is the mental simulation of a movement without physical execution, involving the visualization of oneself performing a task along with the kinesthetic aspects associated with performing that action (27). This process activates neural pathways similar to those engaged during actual movement, emphasizing the internal cognitive mechanisms that promote neural activation associated with physical performance (28, 29).

A substantial body of research indicates that MI can enhance motor abilities in neurorehabilitation, with neural reorganization following MI practice being similar to the changes observed after physical training (30–32). Studies demonstrate that MI promotes neuroplasticity effects in stroke patients and that acute MI modulates plasticity at both the cortical level and the level of spinal presynaptic inhibition, underscoring the sensitivity of spinal circuitry to MI (33, 34).

MI is easily integrated into conventional physiotherapy for stroke rehabilitation (35). Recent reviews have highlighted the effectiveness of MI in reducing upper limb activity limitations following stroke [(e.g., 36)]; particularly during the initial 3 months post-stroke, and in individuals experiencing the most severe upper limb dysfunction (37). Stroke patients can however encounter difficulties generating MI from verbal instructions in clinical settings, due to cognitive impairments that affect their ability to follow such cues (38). Moreover, MI ability can either be significantly impaired or absent following damage to the inferior parietal lobe (39).

Previous research has primarily used either AO or MI in isolation or in comparison. Over the past decade, however, there has been a growing interest in the potential advantages of combining these two approaches into a single intervention, known as combined action observation and motor imagery [AO + MI, (18, 40)]. This method involves the user observing a movement (e.g., via a video or live demonstration) while simultaneously self-generating an imagined kinesthetic representation of the same action and synchronizing this imagery with the observed action (18, 40). Multimodal brain imaging studies provide robust and consistent evidence in healthy adults that AO + MI practice significantly increases neurophysiological activation in cortico-motor regions of the brain, exceeding the involvement that occurs via either AO or MI separately [(e.g., 41–44, 120); see (45, 46)].

From a practical viewpoint, the visual display directly specifies the kinematic features of the to-be-imagined action (such as hand velocity and trajectory). The AO component of AO + MI can therefore help to reduce the cognitive load associated with self-generating the MI content (47). This will be particularly relevant to stroke survivors with specific cognitive dysfunction that impairs their ability to either generate or maintain MI (38).

While there is robust evidence supporting the efficacy of AO + MI practice on motor outcomes in healthy adults (46, 48), the early clinical studies in stroke rehabilitation also show promising results (49–51). These studies show AO + MI practice can improve upper limb motor function in stroke patients, despite relatively small sample sizes. For example, AO + MI practice enhanced pinch-grip strength and dexterity in the affected limb, while yielding more pronounced changes in the activation of motor-cortical brain regions compared to control conditions (49, 51).

Across several clinical studies, there has been a proliferation of terminology used to describe AO + MI interventions across modalities, including virtual reality [VR, (52, 53)] and brain-computer interfaces [BCIs, (54)]. Sub-categories have also emerged [(e.g., 51)], whereby AO + MI practice is delivered either synchronously, where AO and MI are performed at the same time, or asynchronously, where AO and MI are presented separately (i.e., alternating AO followed by MI). Currently, however, the optimal delivery mode remains unclear. A systematic review and meta-analysis of the available studies is now warranted to determine the true effects of AO + MI practice in stroke survivors.

Despite the optimistic findings reported, the overall effectiveness of AO + MI in enhancing motor function during stroke rehabilitation remains uncertain. Recent work has questioned the efficacy of AO + MI for improving lower-limb motor function, highlighting the need for further investigation (55). It is now pertinent to identify key factors influencing treatment outcomes, including time since stroke, age, intervention duration, technology used, and patients’ prior experiences with similar rehabilitation techniques. Understanding these variables is critical for optimizing AO + MI interventions and customizing them to meet individual patient needs, ultimately to enhance recovery.

We conducted a systematic review and meta-analysis on eligible randomized control trial (RCT) studies that investigated AO + MI practice effects in stroke survivors and reported standardized outcome measures for motor function. The aim was to evaluate the efficacy of AO + MI practice, specifically for upper limb recovery in stroke patients. We also explored several moderators that may influence treatment outcomes. We further conducted a narrative synthesis of non-RCT design AO + MI practice studies that reported behavioral and neurophysiological measures (of brain function) with regards to motor recovery. By synthesizing the existing evidence, this study sought to clarify the role of AO + MI in stroke rehabilitation and contribute to the optimization of rehabilitation protocols tailored to individual patient needs.



2 Methodology

This review followed the methodological guidance and reporting standards for systematic reviews and meta-analyses as outlined in the PRISMA guidelines and the Cochrane Handbook (56, 57). Additionally, the review was registered with PROSPERO under the registration number CRD42023418370.


2.1 Eligibility criteria

The decision to include a study was based on five criteria aligned with the PICOS framework: P (Population), I (Intervention), C (Comparator), O (Outcomes), and S (Study Design).

Population: Participants were required to be adults aged 18 years and older with a confirmed diagnosis of stroke, either through clinical criteria or diagnostic imaging.

Intervention: Studies had to include an AO + MI intervention (delivered either synchronously or asynchronously), that targeted upper limb recovery, with no restrictions on the type of MI instructed (visual or kinesthetic), or on the strategies employed to instruct mental practice, such as videos, images, audio recordings, virtual reality (VR) or brain-computer interfaces (BCIs). While our aim was to quantify the isolated effect of AO + MI practice, studies were included if the AO + MI component could be reasonably separated from other therapeutic elements through the design of the control condition. For example, interventions combining AO + MI with BCIs were included if the control group allowed the specific contribution of AO + MI to be inferred. Conversely, studies were excluded if AO + MI was part of a complex intervention where its effect could not be separated.

Comparison: The study had to include a control or comparison group that received conventional therapy, usual care, alternative intervention, or no therapy.

Outcome: The study had to evaluate the effects of AO + MI practice on clinical assessments of upper limb function, using commonly employed measures. The primary outcomes selected for inclusion in the meta-analysis were the Fugl-Meyer Assessment Upper Extremity (FMA-UE) and the Action Research Arm Test (ARAT). The secondary outcomes included the Wolf Motor Function Test (WMFT), Motor Activity Log (MAL), Pinch Strength Test (PST), Box and Block Test (BBT), grip strength, the Nine-Hole Peg Test (9-HPT) and electromyography (EMG, e.g., spectral power). Additionally, studies could assess neurophysiological outcomes, also categorized as secondary, using brain imaging tools such as electroencephalography (EEG, e.g., event-related desynchronization, ERD), transcranial magnetic stimulation (TMS, e.g., motor-evoked potentials, MEP), functional near-infrared spectroscopy (fNIRS, e.g., oxyhemoglobin and deoxyhemoglobin levels), functional magnetic resonance imaging (fMRI, e.g., blood oxygenation level distribution, BOLD).

Study design: The included studies encompassed any experimental design, including randomized controlled trials (RCTs), non-randomized studies (non-RCTs) with a control or comparison group, and single-group pre-post or within-subject designs. These studies compared the effectiveness of AO + MI practice in stroke rehabilitation to other approaches, such as independent AO or MI, or conventional rehabilitation.



2.2 Search strategy and study selection

A structured search strategy was developed in collaboration with an academic librarian at Teesside University to ensure comprehensive coverage of the relevant literature (see Supplementary materials). This strategy incorporated a combination of keywords and Medical Subject Heading (MeSH) terms to improve the precision and broaden the scope of the search. The search was conducted across multiple databases, including MEDLINE, AMED, Web of Science, Embase, CINAHL, PsycINFO, PEDro, PubMed, Scopus, and the Cochrane Library. The initial search was conducted in June 2023, with the final search completed in March 2024. Consistent search terms were established and tailored for each database according to the specific requirements of the search strings. The search was restricted to studies published in English, with no limitations on the years of publication. To further ensure thoroughness, the database search was supplemented with hand searching and citation tracking. In addition to database searches, we explored gray literature sources to reduce potential publication bias. These included clinical trial registries (e.g., ClinicalTrials.gov, National Research Register, Mata-Register of Controlled Trials, Clinical Trials), conference abstracts, and dissertations (e.g., EThOS). However, no additional eligible studies were identified through these sources. Several trial registry entries lacked posted results or did not meet the inclusion criteria.



2.3 Screening process

This study conducted a two-stage screening process, comprising title and abstract screening followed by full-text screening. The titles and abstracts of the articles were independently screened by two reviewers (DL and JE) to assess their eligibility. During this process, studies were categorized as “include,” “maybe,” or “exclude.” All included and maybe papers were involved in the second selection process which was based on reading the full texts. The same reviewers independently evaluated the full-text articles. Any disagreements that arose during this process were resolved through discussion. If consensus could not be reached, an independent reviewer (DE) was consulted to provide a final judgement. The screening processes were conducted using the web tool Rayyan (58), which facilitates search exploration, saves time, and simplifies the sharing and comparison of inclusion and exclusion decisions.



2.4 Data extraction

A data extraction form was developed and piloted based on five included studies. The extracted data encompassed various domains, including study characteristics, participant demographics, details of the intervention, and disease-specific factors such as stroke type and time since stroke. The extraction of intervention details adhered to the guidelines outlined in the Template for Intervention Description and Replication (TiDIER) checklist (59). Data on upper limb function, including means, standard deviations (SD), and sample sizes, were extracted from the included RCTs for use in the meta-analyses. For each included non-RCTs, data on upper limb function and neuroimaging were extracted as reported, including effect sizes and sample sizes. Given the substantial variability in non-RCTs, information on study characteristics (e.g., study design, timing of assessment, and intervention protocol) was also extracted to support a more contextual narrative synthesis. Data extraction was conducted independently by two reviewers (DL and JE), with any inconsistencies resolved through discussion or consultation with a third reviewer (DE).



2.5 Effect size preparation

In the meta-analysis of upper limb function outcomes, effect sizes were assessed using the standardized mean difference (Cohen’s d). Cohen’s d was calculated based on the mean, SD, and sample size values, specifically by dividing the mean difference by the pooled SD (60, 61). Cohen’s d is employed to standardize results across a common scale when studies assess the same outcome but utilize different measurement instruments; for instance, both the FMA-UE and ARAT assess upper limb function in stroke survivors but employ distinct measurement scales, making standardization necessary for comparison. Cohen’s d effect size values were converted to Hedge’s g using a small sample size correction formula to enhance accuracy in the sensitivity analyses (60, 62). Cohen’s d and Hedge’s g were calculated using the following Equations 1, 2:
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In these two equations, d represents Cohen’s d, M1 denotes the mean of the experimental group, M2 denotes the mean of the control group, SDpooled represents the pooled SD of the two groups, g indicates Hedge’s g, and N refers to the total number of participants across both groups (60, 62).

The effect size calculation process differed for five studies due to variations in the types of data reported. In the study by Sun et al. (51), data were reported across multiple time points. For this meta-analysis, the data collected at the fourth week were selected for calculating the mean change score, as this time point represents the longest follow-up in the study, which served as the post-treatment assessment. This choice follows Cochrane Review recommendations, which suggest selecting the longest time point when multiple outcomes are measured within a timeframe (56). Additionally, this approach aligns with the guideline to choose the most relevant outcome from available options (63). Since other included studies reported post-treatment data, selecting the fourth-week data point ensured consistency and comparability across studies. Additionally, the mean difference (MD) and SD between pre and post within the control and experimental groups were not reported. However, Cohen’s d for each time point was provided. Consequently, the MD, standard error (SE) of the MD, pooled SD of Cohen’s d, and the SE of Cohen’s d between the pre-treatment and week 4 time points were calculated using the following Equations 3–7:
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In these formulas, MD indicated the change mean of two groups, MDE, W4 and MDE, pre denote the experimental group means at week 4 and baseline, respectively, while MDC, W4 and MDC,pre indicate the control group means at week 4 and baseline, dW4-pre represents Cohen’s d for the mean change between week 4 and baseline, dW4 for the week 4 mean difference, d
pre for the baseline mean difference, SDW4-pre represents the SD of changes, SEd, W4-pre represents the SE of changes, and n1 and n2 are the sample sizes of the experimental and control groups, respectively.

Similar to the study by Sun et al. (51), the study by Timmermans et al. (64) reported data across multiple time points, including baseline, post-training at 6 weeks, and two follow-up assessments at 6- and 12-months post-intervention. For consistency and standardization, the data from the 6-week post-treatment time point were selected for inclusion in this meta-analysis. However, the study reported median and interquartile range data instead of MD and SD. Therefore, the median and interquartile range values were converted to estimates of the sample mean and SD using a three-step process. First, a skewness test was performed using sample size, median, and interquartile range to assess normality (65). Results indicated that the data were not significantly skewed, suggesting that the distribution closely resembles a normal distribution. This allowed us to assume that the mean and median were approximately equal, indicating a balanced distribution around the centre. Next, the sample mean was estimated using the approach proposed by Luo et al. (66), where the sample SD was estimated following the method outlined by Wan et al. (67).

The correlation coefficient r value was reported in the study by Green et al. (68) and was used to impute the change-from-baseline SD using the following Equation 8:
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In this equation, SDchange represents the change-from-baseline SD, SD
baseline denotes the baseline SD, SDfinal denotes the final SD, r represents the change-from-baseline correlation coefficient (56).

In the study by Liu et al. (69), only the F-value for FMA-UE data was reported. The F-value was converted to Cohen’s d following the guidelines of Lipsey and Wilson (70) and calculated using the Campbell Collaboration effect size calculator (71). Similarly, in the study by Thara et al. (72), the t-values for the pre- and post-intervention differences between groups were reported. These t-values were converted to Cohen’s d and Hedge’s g following Lipsey and Wilson (70) and calculated using the same effect size calculator.

For nine non-RCT studies, methodological and outcome differences were too diverse for data pooling and statistical comparison. Such an analysis would invalidate typical methods of standardization (73, 121). A narrative synthesis was therefore the most appropriate method of analysis for those non-RCT design studies.



2.6 Quality assessment

The methodological risk of bias was evaluated and reported following the guidelines outlined in the Cochrane Handbook for Systematic Reviews of Interventions (56). Two reviewers (DL and JE) independently assessed the quality of all included studies using the version 2 of the Cochrane risk-of-bias tool (RoB2) for RCTs (74) and the risk of bias in non-randomized studies–of Interventions (ROBINS-I) tool for non-randomized studies (75). The RoB2 tool is a revised instrument specifically designed for evaluating the risk of bias in RCTs, assesses five key domains: the randomization process, deviations from intended interventions, missing outcome data, outcome measurement, and selection of the reported result, providing a structured approach to determine the potential impact of systematic errors on study outcomes.

The ROBINS-I tool is used to assess the risk of bias in non-randomized studies of interventions, evaluating bias across multiple domains such as confounding, participant selection, intervention classification, deviations from intended interventions, missing data, outcome measurement, and reporting, allowing for a nuanced assessment of studies where randomization is not feasible. Both the RoB2 and the ROBINS-I tools are recommended as comprehensive and reliable instruments for assessing the risk of bias in clinical studies, providing structured frameworks for evaluating potential biases that may impact research validity (75, 76). In conjunction with the RoB2 tool, ROBINS-I ensured a comprehensive and standardized evaluation of the included studies.

The quality of evidence for the outcomes included in the meta-analysis was independently evaluated by two reviewers (DL and JE) using the Grading of Recommendations, Assessment, Development, and Evaluations (GRADE) approach (77). Each outcome was assessed across the following domains: risk of bias, inconsistency, imprecision, indirectness, and publication bias (78).



2.7 Data analysis

Upper limb function outcomes (FMA-UE and ARAT) from randomized controlled trials were analyzed using a random-effects model. In addition to the primary meta-analysis based solely on FMA-UE scores, a secondary meta-analysis was conducted that included both FMA-UE and ARAT data to explore overall effects across impairment and activity domains. Heterogeneity was estimated with the restricted maximum-likelihood method (79), and tests with confidence intervals were calculated using the Knapp and Hartung method (80). Due to the inability to statistically pool the data and the heterogeneity in study designs and outcomes, non-RCTs and neuroimaging outcomes were synthesized narratively. Statistical analyses were conducted in RStudio using the ‘metafor’ package (v4.2.0). For upper limb function outcomes reported in the nine RCT studies, pooled treatment effects, along with 95% confidence intervals (CIs) and 95% prediction intervals (PIs), were calculated. The degree of heterogeneity was evaluated through visual inspection of forest plots and by calculating the Chi2 test, the Tau2 statistic and the I2 (I-squared) statistic.

To address concerns regarding between-study heterogeneity, outlier diagnostics were performed using the ‘FIND.OUTLIERS’ function, and influence analyses were conducted using the ‘INFLUENCEANALYSIS’ function from the ‘dmetar’ package in R (81). This process involved visual inspection of the “Baujat” and “influence” plots for effect sizes, as well as “leave-one-out” plots for both effect size and I2 values.

Potential outliers and influential effect sizes were identified across the meta-analysis. The removal of these outliers and influential cases had a minimal impact on the pooled effect and heterogeneity estimates for the meta-analyses. One effect size (82) was excluded from the meta-analysis as it was deemed an influential outlier, resulting in a substantial change to the pooled effect and heterogeneity when removed from the analysis (see Supplementary materials). All other effect sizes were retained in the meta-analyses to maintain the integrity and richness of the data.

Meta-regression analyses were conducted to assess whether moderators influenced the effect of AO + MI practice on upper limb function compared to the aggregate data from control conditions in the meta-analyses. Moderator variables were selected based on theoretical and clinical relevance to stroke recovery and AO + MI interventions. Time since stroke and participant age were included as biological and recovery-related factors that can influence neuroplasticity and responsiveness to therapy (83–85). Intervention duration was assessed due to its known role in dose–response relationships in rehabilitation (86). AO + MI arrangement (synchronous vs. asynchronous) was included to explore potential differences in modalities of action simulation (48). BCI inclusion was used to evaluate the influence of AO + MI interventions supported by this technology vs. those that are not. Control condition type and outcome measure (FMA-UE vs. ARAT) were included because they may confound or moderate observed effects across studies, based on the ICF domain differences and intervention contrast.

A sensitivity analysis was conducted by re-evaluating the meta-analyses using previously calculated Hedge’s g values to address concerns regarding sample size bias. A funnel plot was used to evaluate small study bias (publication bias) for outcomes reported in 10 or more studies included in the meta-analysis (87). Additionally, Egger’s statistical test for funnel plot asymmetry was performed to further assess publication bias.




3 Results

The initial searches yielded 1,008 results, of which 409 were duplicates and subsequently removed. Following the screening of titles and abstracts, 585 unique articles were identified. Among these, 87 full-text articles underwent eligibility assessment, leading to the inclusion of 18 studies in the review (see Figure 1). To obtain additional information regarding the AO + MI intervention, two authors were contacted (82, 88). Both authors responded, providing relevant details. As a result, the final review comprised 18 studies with available data on the AO + MI intervention. Of these studies, nine were RCTs, which were included in the meta-analysis for upper limb function outcomes (49, 51, 54, 68, 69, 72, 88, 89). The remaining nine studies, which were non-RCTs, were analyzed narratively for upper limb function and/or neurophysiological outcomes (52, 53, 90–96).

[image: Flowchart detailing the selection process of studies. Initially, 994 records were identified from databases, resulting in 382 duplicates automatically removed and 27 manually removed. After screening 585 titles and abstracts, 498 were excluded for reasons like wrong population or intervention. Full-text screening of 87 articles led to 71 exclusions. An additional 14 records were identified through citation searches, with 12 titles screened and 2 excluded. Ultimately, 18 studies were included: 9 randomized controlled trials and 9 non-randomized controlled trials.]

FIGURE 1
 PRISMA flow diagram of study selection. The diagram illustrates the literature search and selection process, showing sources identified, records screened and excluded, and studies included in the final review.



3.1 Study characteristics

This review incorporated a total of 18 studies, comprising nine RCTs and nine non-RCTs, with an aggregate of N = 354 participants.


3.1.1 Clinical measure–upper limb function outcomes

Fifteen of the 18 studies (n = 326) reported clinical measures for upper limb function (49, 51–54, 64, 68, 69, 72, 88–91, 94, 96). Of these studies, only nine RCTs (n = 248) were eligible for meta-analysis. Seven of the nine RCTs (n = 189) were analyzed in the first meta-analysis, which included seven effect sizes from seven studies focusing exclusively on FMA-UE outcomes (49, 51, 54, 64, 68, 88, 89). Participants in this analysis had a mean age of 63.8 ± 10.1 years, with 172 inpatients and 17 outpatients. The cohort included n = 45 hemorrhagic, n = 102 ischemic, and n = 62 unspecified strokes, with n = 107 in early subacute, n = 65 in late subacute, and n = 17 in the chronic phase. The AO + MI interventions (n = 94) included four studies with synchronous AO + MI (49, 51, 64, 89), two with asynchronous AO + MI (68, 88), and one with synchronous AO + MI-based BCI training (54). All studies focused on upper limb functional training, with session durations 20–60 min, 3–7 sessions per week, and total durations ranging from 3 to 10 weeks (see Table 1).


TABLE 1 Randomized controlled trials.


	Study characteristics



	Study
	Setting
	Participants
	Type of intervention
	Outcome measure
	Summary of results

 

 	(51)* 	Inpatient 	n = 10
 Age (y): 59.8 ± 4.94
 Sex: 6M, 4F
 Diagnosis: 7 H, 3 I
 Time since stroke:
 <2 mos 	EG: Synchronous AO + MI
 CG: Asynchronous AO + MI 	FMA-UE
 PST
 EEG 	Compared to the CG, the EG showed significantly greater improvements in FMA-UE, PST, and ERD (p < 0.05).


 	(49)* 	Inpatient 	n = 45
 Age (y): 63.1 ± 8.6
 Sex: 24M, 21F
 Diagnosis: 20H, 25 I
 Time since stroke:
 2–8 mos 	EG: Synchronous AO + MI
 CG: AO 	FMA-UE
 WMFT
 MAL
 TMS 	The EG showed significant improvements in MEP amplitude, FMA UE scores, and MAL after the intervention compared to pre-intervention and the control group.


 	(89) 	Inpatient 	n = 20
 Age (y): 60.7 ± 12.9
 Sex: 10M, 10F
 Diagnosis: 12 H, 8 I
 Time since stroke:
 < 6 mos
 (70.7 ± 47.3 days) 	EG: Synchronous AO (video) + MI
 CG: Conventional therapy 	FMA-UE
 MFT
 FIM 	Significant differences were found from within both EG and CG for FMA-UE and FIM scores.
 No significant difference found between EG and CG for FMA-UE (p = 0.912) and FIM scores (p = 0.481).


 	(54)* 	Outpatient 	n = 17
 Age (y): 61.4 ± 6.5
 Sex: 14M, 3F
 Diagnosis: 6 H, 11 I
 Time since stroke:
 > 6 mos
 (55 ± 53.8 mos) 	EG: Synchronous AO + MI-based BCI training via FES
 CG: MI-based BCI training via FES 	FMA-UE
 EEG 	Significant improvements in FMA-UE were observed in both groups (p = 0.012, 0.018).
 Significantly higher improvement in EG for FMA-UE (p = 0.022) and ERD (p = 0.034, 0.021, 0.038) compared to CG.


 	(64) 	Inpatient 	n = 32
 Age (y): 59.3 ± 7.6
 Sex: 26M, 16F
 Diagnosis: NR
 Time since stroke: 2–6 weeks 	EG: Synchronous AO + MI
 CG: Usual therapy 	FMA-UE
 WMFT
 FAT
 ACC 	Improvements were found from within both EG and CG for FMA-UE and WMFT. A significant improvement on FAT from EG.
 No significant difference in training effects found between EG and CG.


 	(88) 	Inpatient 	n = 46
 Age (y): 71.7 ± 7.3
 Sex: 22 M, 24F
 Diagnosis: 46 I
 Time since stroke:
 < 3 mos 	EG: Asynchronous AO (pictures, video) + MI
 CG: Conventional functional training 	FMA-UE
 CTT
 7-point Likert scale 	Significant better improvement in EG for the performance on the trained tasks.
 No significant difference in FMA-UE and CTT between 2 groups.


 	(68) 	Inpatient 	n = 18
 Age (y): 61 ± 11
 Sex: 7M, 16 11
 Diagnosis: 0 H, 18 I
 Time since stroke: < 1 mos 	EG:
 1. Asynchronous AO (video) + MI
 2. Audio + MI
 3. RTP
 CG: Traditional stroke rehabilitation 	FMA-UE
 WMFT 	A significant change in FMA-UE scores and WMFT time scores in the audio MP and traditional therapy groups, but no significant change in the video MP and RTP groups. The medium effect size (r) in all groups indicates that all four groups showed improvements in FM scores and reductions in WMFT time. Among all groups, no statistically significant change was found between pretest and posttest scores for the WMFT functional ability score.


 	(72) 	Inpatient 	n = 30
 Age (y): 52.3 ± 5.9
 Sex: 21M, 9F
 Diagnosis: 30 I
 Time since stroke:
 <6 mos 	EG: Asynchronous AO (video) + MI
 CG: Mirror therapy 	ARAT 	No statistically significant difference in grasp and gross movement between EG and CG.
 A statistically significant difference in grip, pinch and total score between EG and CG.


 	(69)* 	Inpatient 	n = 20
 Age (y): 51 ± 11.39
 Sex: 11M, 9F
 Diagnosis: NR
 Time since stroke:
 < 3 mos
 (1.87 ± 0.72 mos) 	EG: Asynchronous AO (video) + MI
 CG: AO (video) 	ARAT
 fMRI 	Significant better improvement in EG for ARAT (p = 0.04), and the activated voxels number in the contralateral SMC.







	Intervention characteristics



	Study
	Group
	Type of intervention
	Intervention tasks
	Session duration (mins)
	Total number of sessions
	Intervention time and frequency

 

 	(51)* 	EG 	Synchronous AO + MI
 with conventional rehabilitation 	Inserting and removing pegs 	22.5 	28 	7 days/week
 4 consecutive weeks


 	CG 	Asynchronous AO + MI
 with conventional rehabilitation 	Inserting and removing pegs 	22.5 	28 	7 days / week
 4 consecutive weeks


 	(49)* 	EG 	Synchronous AO + MI
 with occupational/physical therapy 	10 ADLs (e.g., using chopsticks, pen and hand washing).
 Participants selected and completed five meaningful activities. 	25 	40 	5 days / week
 Totally 8 weeks


 	CG 	AO with occupational/physical therapy 	10 ADLs (e.g., using chopsticks, pen and hand washing).
 Participants selected and completed five meaningful activities. 	25 	40 	5 days/week
 Totally 8 weeks


 	(89) 	EG 	Synchronous AO + MI (video) with conventional rehabilitation 	6 tasks derived from the manual function test and the Stroke Upper limb Capacity Scale (e.g., peg-board, holding a cup). 	20 	20 (MI + AO) with 30 conventional rehabilitations 	5 days/week
 Over 4 weeks


 	CG 	Conventional rehabilitation 	Functional training (e.g., gait training, muscle strengthening) 	20 	30 conventional rehabilitation 	5 days/week
 Over 4 weeks


 	(54)* 	EG 	Synchronous AO + MI-based BCI training via FES 	Wrist and hand extensions 	44 	12 	3 days/week
 4 consecutive weeks


 	CG 	MI-based BCI training via FES 	Wrist and hand extensions 	44 	12 	3 days/week
 4 consecutive weeks


 	(64) 	EG 	Synchronous AO + MI (video) with usual therapy 	Arm training (e.g., holding paper, grasp of a glass). 	30 	42 	7 days/week
 Over 6 weeks


 	CG 	Usual therapy 	Arm training (e.g., holding paper, grasp of a glass). 	30 	42 	7 days/week
 Over 6 weeks


 	(88) 	EG 	Asynchronous AO + MI (picture, video) with physiotherapy 	Daily living tasks (e.g., upper limb coordination) 	60 	15 	5 days/week
 Over 3 weeks


 	CG 	Conventional functional training
 Physiotherapy 	Daily living tasks (e.g., upper limb coordination) 	60 	15 	5 days/week
 Over 3 weeks


 	(68) 	EG1 	Asynchronous AO (video) + MI 	(a) Wiping a table, (b) Picking up a cup, (c) Brushing hair, (d) Turning the page of a book. 	NR 	NR 	20 MI repetitions and 10 physical practice repetitions of the task/session.
 5 day/week (included MP and physical practice 3x/week, and MP only 2 days/week)


 	EG2 	Audio + MI 	(a) Wiping a table, (b) Picking up a cup, (c) brushing hair, (d) turning the page of a book. 	NR 	NR 	20 MI repetitions and 10 physical practice repetitions of the task / session.
 5 day/week (included MP and physical practice 3x/week, and
 MP only 2 days/week)


 	EG3 	RTP 	(a) Wiping a table, (b) Picking up a cup, (c) Brushing hair, (d) Turning the page of a book. 	NR 	NR 	5 day/week
 NR: Total intervention duration (posttest within 3 days before discharge)


 	CG 	Traditional stroke rehabilitation 	Range of motion, weight-bearing, massage, modalities, and task-oriented training. 	NR 	NR 	5 day/week
 NR: Total intervention duration (posttest within 3 days before discharge)


 	(72) 	EG 	Asynchronous AO (video) + MI with physical practice 	Upper limb ADLs (e.g., picking up cup or phone, writing) 	60 	30 	3 days/week
 for 10 weeks


 	CG 	Mirror therapy 	Upper limb ADLs (e.g., picking up cup or phone, writing) 	60 	30 	3 days/week
 for 10 weeks


 	(69)* 	EG 	Asynchronous AO (video) + MI with physical practice 	flexion/extension of the thumb, abduction/adduction of all digits, making a fist/spreading the hand, moving extended fingers backwards and forwards, and moving the hand between the ulnar and radial deviation 	45 	20 	5 days/week
 4 weeks


 	CG 	AO with physical practice 	flexion/extension of the thumb, abduction/adduction of all digits, making a fist/spreading the hand, moving extended fingers backwards and forwards, and moving the hand between the ulnar and radial deviation 	45 	20 	5 days/week
 4 weeks





Values are mean ± SD; An asterisk indicates the study includes neuroimaging data. EG indicates experiment group; CG, control group; NR, Not reported; F, female; M, male; mos, months; y, year; I, ischemia; H, hemorrhage; mins, minutes; AO, action observation; MI, motor imagery; AO+MI, Combined action observation and motor imagery; FMA-UE, Fugl-Meyer Assessment Upper Extremity; ARAT, action research arm test; PST, Pinch strength test; WMFT, Wolf Motor Function Test; MAL, Motor Activity Log; MFT, manual function test; FIM, Functional independent measure; BCI, Brain–computer interface; FES, functional electrical stimulation; FAT, Frenchay arm test; ACC, accelerometry; CTT, the Color Trails Test; fMRI, Functional magnetic resonance imaging; ADLs, Activities of daily living; EEG, electroencephalogram; MEP, Motor Evoked Potentials; TMS, Transcranial magnetic stimulation; ERD, event-related desynchronization; RTP, Repetitive task practice.
 

The second meta-analysis included all nine of the eligible RCT studies. This combined seven effect sizes from FMA-UE outcomes in the seven studies (49, 51, 54, 64, 68, 88, 89), plus two effect sizes from ARAT outcomes in two additional studies (69, 72). Please see Discussion (section 4.3) for commentary on the distinctions and associations between these two assessment tools, with regards to pooling these data for meta-analysis. All studies in the meta-analyses were published between 2004 and 2023. The pooled sample in the second meta-analysis had a mean age of 61.3 ± 9.8 years. Eight studies focused on inpatients (n = 222) and one on outpatients (n = 17). The cohort included n = 45 with hemorrhagic stroke, n = 132 with ischemic stroke, and n = 62 with unspecified strokes. Time since stroke varied: four studies (n = 127) were early subacute (<3 months), three studies (n = 95) were late subacute (3–6 months), and one study (n = 17) were chronic (>6 months).

The interventions varied in terminology and AO + MI arrangement (n = 119): four studies used synchronous AO + MI (49, 51, 64, 89) and four used asynchronous AO + MI (68, 69, 72, 88). One study focused on synchronous AO + MI-based brain-computer interface (BCI) training (54).

All interventions involved AO + MI practice of upper limb function movements and activities, including inserting and removing pegs (51); ten activities of daily living (ADLs, e.g., using chopsticks, pen and hand washing) (49); six tasks derived from the manual function test and the Stroke Upper limb Capacity Scale (e.g., peg-board, holding a cup) (89); wrist and hand extensions (54); arm training [e.g., holding paper, grasp of a glass, (64)]; daily living tasks [e.g., upper limb coordination, (88)]; four tasks, e.g., wiping a table, picking up a cup, brushing hair and turning the page of a book (68); upper limb ADLs [e.g., picking up cup or phone, writing, (72)]; flexion/extension of the thumb, abduction/adduction of all digits, making a fist/spreading the hand, moving extended fingers backwards and forwards, and moving the hand between the ulnar and radial deviation (69). Session durations ranged from 20 to 60 min, with 3–7 sessions per week, and total intervention durations ranged from 3 to 10 weeks (see Table 1).

Regarding the 15 studies that reported upper limb function outcomes, six non-RCTs (n = 78) that had not been included in the meta-analyses were subjected to a narrative synthesis (52, 53, 90, 91, 94, 96). Participants had a mean age of 65.2 ± 12.7 years, comprising n = 68 inpatients and n = 10 outpatients. The cohort included n = 22 individuals with hemorrhagic stroke, n = 50 with ischemic stroke, and n = 6 with unspecified strokes. Time since stroke varied among participants, with 51 classified as early subacute, 2 as late subacute, and 25 as chronic. The interventions were AO, MI, synchronous AO + MI, and asynchronous AO + MI, all involving mental practice of an upper limb functional task. Session durations ranged from 1.7–30 min, with a total of 1–58 sessions, and total intervention durations varied from 1 day–5 weeks (see Table 2).


TABLE 2 Non-randomized controlled trials.


	Study characteristics



	Study
	Study design
	Setting
	Participants
	Type of intervention
	Outcome measure
	Results

 

 	(53)* 	Single-group, within-subjects design 	Inpatient 	n = 8
 Age (y): 64.8 ± 10.3
 Sex: 7 M, 1 F
 Diagnosis: 8 I, 0 H
 Time since stroke:
 11.12 ± 23.85 mos 	Int1: MI
 Int2: AO
 Int3: Synchronous AO + MI 	EMG
 EEG 	MI + AO produces greater alpha band ERD and a more noticeable beta band ERD compared to MI and AO alone. EMG analysis shows that muscle strength from MI + AO is the highest.


 	(52) 	Single-group, within-subjects design 	Inpatient 	n = 4
 Age (y): 64.8
 Sex: 4 M, 0 F
 Diagnosis: NR
 Time since stroke:
 two early subacute < 3mos; two Chronic > 6mos 	Int1: AO
 Int2: Synchronous AO + MI 	EMG 	A significant difference of the muscle strength between AO and AO + MI.


 	(91) 	A-B-A reversal single experimental design 	Inpatient 	n = 3
 Age (y): 50 ± 6.6
 Sex: 1 M, 2 F
 Diagnosis: 3 I, 0 H
 Time since stroke:
 25.3 mos 	Int1: Asynchronous AO + MI with physical practice 	3-D motion analysis
 MAL
 EMG 	Occupational performance improved in all 3 subjects when applying AO + MI. All subjects showed improvement of motor functions.


 	(96)* 	Single-group, within-subjects design with multiple assessment points 	Inpatient 	n = 2
 Age (y): 53
 Sex: 2 M
 Diagnosis: NR
 Time since stroke:
 8 mos 	Int1: Synchronous AO + MI
 Int2: Asynchronous AO + MI 	EEG
 NHPT
 PST 	The results of ERD, NHPT and PST are improved more effectively in synchronous AO + MI than asynchronous AO + MI.


 	(90) 	A Graeco-Latin Square design. Single group pre-, post- and retention test. 	Outpatient 	n = 10
 Age (y): 64.4 ± 9.4
 Sex: 6 M, 4 F
 Diagnosis: 3 H, 7 I
 Time since stroke:
 44.8 ± 15.98 mos 	Int1: AO
 Int2: MI
 Int3: Synchronous AO + MI 	Movement execution times
 ARAT
 SIS
 MIQ-3 	Movement execution times decreased significantly in both the post-test and retention test compared to baseline. During retention, AO + MI resulted in significantly shorter execution times compared to both MI alone and the Control condition. Participants also reported clinically significant improvements in quality of life (SIS) and positive experiences with AO + MI.


 	(94) 	quasi-experimental pre- and post-test control group study 	Inpatient 	n = 51
 Age (y): 66.8 ± 14.1
 Sex: 29 M, 22 F
 Diagnosis: 8 H, 43 I
 Time since stroke:
 14.9 ± 5.5 days 	EG: Synchronous AO + MI with usual care
 CG: Usual care 	FMA-UE BBT
 KVIQ-10 	No statistically significant differences in upper extremity motor function between the two groups. Subgroup analysis of the intervention group identified statistically significant (FMA-UE: p < 0.001; BBT: p = 0.04).







	Intervention characteristics



	Study
	Type of intervention
	Intervention tasks
	Session duration (mins)
	Total number of sessions
	Intervention time and frequency

 

 	(53)* 	Int1: MI 	Shooting basketball 	30 	1 	1 session/day (1 day)


 	Int2: AO 	Shooting basketball 	30 	1 	1 session/day (1 day)


 	Int3: Synchronous AO + MI 	Shooting basketball 	30 	1 	1 session/day (1 day)


 	(52) 	Int1: AO 	Shooting basketball 	NR 	1 	5 times per session (1 day)


 	Int2: Synchronous AO + MI 	Shooting basketball 	NR 	1 	5 times per session (1 day)


 	(91) 	Asynchronous AO + MI with physical practice 	Beverage-drinking 	NR 	20 	NR


 	(96)* 	Int1: Synchronous AO + MI 	Inserting and removing pegs 	1.7 	58 	Everyday within 4 weeks


 	Int2: Asynchronous AO + MI 	Inserting and removing pegs 	1.7 	58 	Everyday within 4 weeks


 	(90) 	Int1: AO 	Cup-stacking tasks 	NR 	48 	1 session per week (5 weeks)


 	Int2: MI 	Cup-stacking tasks 	NR 	48 	1 session per week (5 weeks)


 	Int3: Synchronous AO + MI 	Cup-stacking tasks 	NR 	48 	1 session per week (5 weeks)


 	(94) 	EG: Synchronous AO + MI with usual care 	Twelve functional activities of the upper extremity with multiple repetitions displayed for each activity, included lighting a candle, stirring a pot of oatmeal, flipping playing cards, cleaning a counter, dispensing tape, scooping sugar, clicking a ball-point pen, retrieving tissues from a tissue box, rolling dice, retrieving a coffee cup, turning pages in a book, and pressing a button on a remote control. 	25 	6 	3 times/week
 The length of their inpatient stay (average 2 weeks)


 	CG: Usual care 	NR 	180 	10 	5 days a week
 The length of their inpatient stay (average 2 weeks)





Values are mean ± SD; An asterisk indicates the study includes neuroimaging data. EG indicates experiment group; CG, control group; Int, Intervention; NR, Not reported; F, female; M, male; mos, months; y, year; I, ischemia; H, hemorrhage; mins, minutes; AO, action observation; MI, motor imagery; AO + MI, Combined action observation and motor imagery; FMA-UE, Fugl-Meyer Assessment Upper Extremity; EMG, Electromyography; 3-D,3-dimensional; EEG, electroencephalogram; ERD, event-related desynchronization; MAL, Motor Activity Log; NHPT, Nine Hole Peg Test; PST, Pinch Strength Test; ARAT, action research arm test; SIS, Stroke Impact Scale; MIQ-3, Movement Imagery Questionnaire-3; BBT, Box and Block Test; KVIQ-10, Kinesthetic and Visual Imagery Questionnaire Short Version.
 



3.1.2 Neurophysiological measure–neuroimaging outcomes

Nine studies (n = 130) were analyzed narratively for neuroimaging outcomes, comprising three studies that reported only neuroimaging results [see Table 3, (92, 93, 95)], four RCTs that reported both upper limb function and neuroimaging outcomes [indicated by an asterisk in Table 1 (49, 51, 54, 69)], and two non-RCTs that also reported both outcomes (indicated by an asterisk in Table 2 (53, 96). The neurophysiological measurements in these studies varied, with six studies using EEG (51, 53, 54, 93, 95, 96), one employing fNIRS (92), one using TMS (49), and one incorporating fMRI (69).


TABLE 3 Neuroimaging studies.


	Study characteristics



	Study
	Study design
	Setting
	Participants
	Type of intervention
	Outcome measure
	Results

 

 	(95) 	single group, within-subjects design 	Outpatient 	n = 10
 Age (y): 60 ± 7.53
 Sex: 9 M, 1 F
 Diagnosis: 3 H, 7 I
 Time since stroke:
 57.5 ± 55 mos 	Int1: Synchronous AO + MI with BCI
 Int2: MI with BCI 	EEG 	The ERD values and classification accuracy in AOMI were significantly greater than those under MI conditions.


 	(92) 	single group, within-subjects design 	Inpatient 	n = 10
 Age (y): 62.6 ± 12.0
 Sex: 4 M, 6 F
 Diagnosis: NR
 Time since stroke:
 1 mos 	Int1: MI
 Int2: Synchronous other hand AO + MI
 Int3: Synchronous own hand AO + MI 	NIRS
 VAS 	MI vividness was significantly higher in synchronous own hand AO + MI intervention compared to the other conditions (p < 0.01). The activity of the cortical regions was also significantly enhanced (p < 0.01).


 	(93) 	Between-subjects, cross-sectional design 	Inpatient 	n = 8
 Age (y): 66
 Sex: 6 M, 2 F
 Diagnosis: NR
 Time since stroke:
 NR 	Int1: Gaze (AO)
 Int2: MI
 Int3: Synchronous AO + MI 	EEG 	The ERD of AO + MI was stronger than that of AO (p = 0.0002) or MI (p = 0.0091).







	Intervention characteristics



	Study
	Type of intervention
	Intervention tasks
	Session duration (mins)
	Total number of sessions
	Intervention time and frequency

 

 	(95) 	Int1: Synchronous AO + MI with BCI 	Wrist and hand extensions 	7 	2 	1 session/day
 2 days


 	Int2: MI with BCI 	Wrist and hand extensions 	7 	2 	1 session/day
 2 days


 	(92) 	Int1: MI 	Grasping a cup on a desk 	15.15 	1 	1 session/day
 1 day


 	Int2: Synchronous other hand AO + MI 	Grasping a cup on a desk 	15.15 	1 	1 session/day
 1 day


 	Int3: Synchronous own hand AO + MI 	Grasping a cup on a desk 	15.15 	1 	1 session/day
 1 day


 	(93) 	Int1: Gaze (AO) 	Hand opening and closing 	3 	1 	1 session/day
 1 day


 	Int2: MI 	Hand opening and closing 	3 	1 	1 session/day
 1 day


 	Int3: Synchronous AO + MI 	Hand opening and closing 	3 	1 	1 session/day
 1 day





Values are mean ± SD; Abbreviations: NR, Not reported; F, female; M, male; mos, months; y, year; I, ischemia; H, hemorrhage; mins, minutes; Int, Intervention; AO, action observation; MI, motor imagery; AO+MI = Combined action observation and motor imagery; BCI, Brain–computer interface; EEG, electroencephalogram; ERD, event-related desynchronization; NIRS, Near-infrared spectroscopy; VAS, Visual Analog Scale.
 




3.2 Study quality

Among the nine included RCTs, seven were assessed to have some concerns of bias (51, 54, 64, 68, 69, 88, 89), and one was rated as having a high risk of bias (49), primarily due to issues with randomization and insufficient blinding (see Figure 2). Similarly, of the nine non-RCTs included, four were rated as having a moderate bias (52, 93, 94, 96) and three as having a high risk of bias (53, 92, 95), largely attributed to issues in the classification of interventions (see Figure 3). These limitations may have introduced bias in the reporting of subjective outcomes. Despite this, the GRADE assessment indicated that the overall quality of evidence for the FMA-UE and ARAT outcomes of upper limb motor function was moderate (see Table 4). The evidence was downgraded due to the high risk of bias and imprecision in effect estimates. No serious concerns were identified however regarding consistency or directness. Consequently, while potential bias in individual studies warrants a degree of caution, the moderate quality of the evidence permits a reasonable level of confidence in the estimated true effect.

[image: Bar chart assessing different types of biases. Categories include randomization process, intervention deviations, missing outcome data, outcome measurement, and result selection. Each bar indicates low risk (green), some concerns (yellow), or high risk (red), with varying percentages. The overall risk of bias shows a significant proportion with some concerns, and a smaller portion as high risk.]

FIGURE 2
 ROB2 summary. Summary of Risk of Bias 2 (ROB2) assessments, showing methodological quality across domains: randomization, adherence to interventions, handling of missing data, outcome measurement, and selection of reported results.


[image: Bar chart depicting various sources of bias in a study with color-coded risk levels: green for low risk, yellow for moderate risk, and red for serious risk. Categories include confounding, selection of participants, classification and deviations of interventions, missing data, measurement of outcomes, and selection of reported results. Overall risk of bias shows a mix of all three risk levels.]

FIGURE 3
 ROBINS-I summary. Summary of the ROBINS-I (Risk of bias in non-randomized studies of interventions) assessment, showing risk of bias across key domains: confounding, participant selection, intervention classification, missing data, outcome measurement, and selective reporting.



TABLE 4 GRADE quality of evidence assessment for outcomes included in meta-analyses.


	Outcome
	No of participants (Studies)
	GRADE assessment

 

 	FMA-UE 	189 participants (7 studies) 	⊕ ⊕ ⊕Ο
 ► reduced by one for risk of bias
 ► reduced by one for imprecision


 	ARAT 	50 participants (2 studies) 	⊕ ⊕ ⊕Ο
 ► reduced by one for risk of bias
 ► reduced by one for imprecision





FMA-UE, Fugl-Meyer Assessment Upper Extremity; ARAT, action research arm test.
 



3.3 Meta-analysis of RCTs investigating AO + MI practice effects on upper limb function


3.3.1 FMA-UE outcomes

Meta-analysis of the FMA-UE data incorporated seven effect sizes from seven studies to evaluate the overall impact of AO + MI practice on upper limb function. AO + MI practice showed a moderate and statistically significant improvement in upper limb function compared to control groups (d = 0.58, 95%CI: 0.13–1.04, p = 0.02). The between-study heterogeneity variance was estimated at τ = 0.23 (95%CI: 0.00–1.17), with I2 value of 22%. The prediction interval ranged from −0.16 to 1.33, suggesting a 95% chance that the effect size of new studies will fall within this range (see Figure 4).

[image: Forest plot displaying the results from seven studies, showing standard mean differences (SMD) with 95% confidence intervals. Individual study results are depicted as red squares, sized by weight, with a diamond representing the combined effect size. Studies vary from Sun et al., 2016, to Green et al., 2023, with an overall SMD of 0.58. The prediction interval is from -0.16 to 1.33. Data indicates moderate heterogeneity with I² of 22%. The x-axis ranges from -3 to 3.]

FIGURE 4
 Pooled mean treatment effects of AO + MI interventions on FMA-UE total score. Pooled mean treatment effects of AO + MI (Action Observation and Motor Imagery) interventions on the FMA-UE (Fugl-Meyer Assessment for Upper Extremity) total score, based on results from multiple studies. Standardized mean differences (Cohen’s d, SMD_d) between intervention and control groups are presented with confidence intervals indicating precision.




3.3.2 Combined FMA-UE and ARAT outcomes

Given the limited number of ARAT studies [n = 2; (69, 72)], a secondary meta-analysis was conducted that included both FMA-UE and ARAT data. This approach to combine data from the two measures was adopted in favor of running a separate meta-analysis on the two studies using the ARAT measure. Previous research has recommended including a minimum of five studies for a meaningful meta-analysis (97, 98). While it is theoretically possible to meta-analyze just two studies, statistical inference is limited with such a small sample, and the added value is minimal because little new insight is gained beyond what the original studies already provide (97). The combined meta-analysis encompassed nine effect sizes from nine RCTs. AO + MI practice showed significant improvement in upper limb function, with results consistent with the initial analysis, but with a larger effect size (d = 0.70, 95%CI: 0.32–1.09, p = 0.003). The between-study heterogeneity variance was estimated at τ = 0.26 (95%CI: 0.00–0.92), with I2 value of 25%. The prediction interval ranged from −0.03 to 1.43, suggesting a 95% chance that the effect size of new studies will fall within this range (see Figure 5).

[image: Forest plot showing the standard mean difference (SMD) with 95% confidence intervals for various studies. The plot includes studies by Sun et al. (2016) to Liu et al. (2014). Each study's point estimate and confidence interval are represented by a red square and horizontal line. The overall effect size is a diamond at 0.70 [0.32, 1.09]. Heterogeneity measures include Tau² = 0.0664 and I² = 25%. A vertical line at zero indicates no effect.]

FIGURE 5
 Pooled mean treatment effects of AO + MI interventions on combined FMA-UE and ARAT score. Pooled mean treatment effects of AO + MI (Action Observation and Motor Imagery) interventions on combined FMA-UE (Fugl-Meyer Assessment for Upper Extremity) and ARAT (Action Research Arm Test) total scores. Standardized mean differences (SMD, Cohen’s d) with confidence intervals summarize the impact of AO + MI interventions on upper limb motor function across multiple studies.





3.4 Meta-regression of moderating factors affecting upper limb motor function

A meta-regression analysis was conducted on all nine RCTs that were included in the second meta-analysis. This was to evaluate the influence of several moderating variables on AO + MI practice effects, in comparison to the overall upper limb function aggregate data included in the meta-analysis. These moderators included the time since stroke, age, intervention duration, arrangement of AO + MI (synchronous or asynchronous), BCI studies, control condition, and outcome measure.

Meta-regression analyses revealed no significant correlations between the examined moderators and the true effect size, indicating a robust effect of AO + MI on upper limb function in stroke patients. Specifically, the time elapsed since the stroke onset was not a significant moderator (β = 0.13, p > 0.05). Additionally, a non-significant negative correlation was identified between participants’ age and effectiveness (β = −0.04, p > 0.05), indicating that for each additional year of age, the effect size decreased by 0.04. Conversely, a non-significant positive relationship was found between intervention duration and effectiveness (β = 0.05, p > 0.05), showing that for each additional week of intervention, the effect size increased by 0.05.

The arrangement of AO + MI (synchronous vs. asynchronous AO + MI) did not serve as a significant moderator (β = 0.05, p > 0.05). Furthermore, the inclusion of BCI technology in the interventions did not correlate with effect sizes (β = 0.51, p > 0.05). The control condition (comprising conventional therapy, AO, MI, and asynchronous AO + MI) also emerged as a non-significant moderator (β = 0.37, p > 0.05). Lastly, the outcome measure (FMA-UE and ARAT) did not serve as a significant moderator (β = 0.50, p > 0.05) (see Table 5). A bubble plot was used to visually represent the estimated regression slope and the effect size for each study included in the meta-regression analysis (see Figure 6).


TABLE 5 Influence of moderators on true effect size in AO + MI interventions for upper limb function.


	Moderator
	N
	𝜷
	P
	Sig.
	τ2
	I2

 

 	Time since stroke 	9 	0.13 	0.28 	No 	0.03 	13%


 	Age 	9 	−0.04 	0.08 	No 	0.00 	0%


 	Intervention duration 	9 	0.05 	0.48 	No 	0.06 	23%


 	AO + MI arrangement 	9 	0.05 	0.89 	No 	0.11 	36%


 	BCI study 	9 	0.51 	0.43 	No 	0.07 	27%


 	Control condition 	9 	0.37 	0.11 	No 	0.01 	3%


 	Outcome measure 	9 	0.50 	0.23 	No 	0.04 	18%




 

[image: Seven scatter plots labeled A to G show various studies plotted against SMD_d values. Each panel highlights different independent variables: (A) Time since Stroke, (B) Age, (C) Intervention Duration, (D) AO+MI Arrangement, (E) BCI Study, (F) Control Condition, and (G) Outcome Measurement. Data points are named by author and year for each study, with a red trend line indicating correlation.]

FIGURE 6
 Estimated regression slopes and effect sizes in AO + MI interventions for upper limb function. Bubble size represents study weight, with larger bubbles representing studies with greater influence in the analysis. SMD_d = Cohen’s d. (A) 1 = early subacute (7 days to 3 months after stroke), 3 = late subacute (3–6 months after stroke), 6 = chronic (6 months or more after stroke). (B) Age is measured in years. (C) Intervention duration is measured in weeks. (D) 1 = synchronous AO + MI, 2 = asynchronous AO + MI. (E) 0 = non-BCI study, 1 = BCI study. (F) 0 = conventional therapy, 1 = AO, 2 = MI, 3 = asynchronous AO + MI. (G) 1 = FMA_UE, 2 = ARAT.




3.5 Sensitivity analyses

A sensitivity analysis was conducted by re-evaluating the two meta-analyses using previously calculated Hedge’s g values to mitigate concerns regarding small sample size bias. The results indicated no meaningful differences in the effect size estimates for the primary comparisons. Specifically, the meta-analysis of FMA-UE yielded a Hedge’s g value of 0.59 (95% CI: 0.14–1.04, p = 0.02), with an I2 value of 24%, while the meta-analysis of combined FMA-UE and ARAT outcomes produced a Hedge’s g value of 0.69 (95% CI: 0.32–1.06, p = 0.003), with an I2 value of 24%.



3.6 Small study effects

Small study effects (publication bias) were assessed across the nine included studies for FMA-UE and ARAT to evaluate the reliability of the results. The funnel plot revealed asymmetry, suggesting the potential presence of publication bias (see Figure 7). This observation was further examined using Egger’s test, which showed a positive intercept (b = 2.03), indicating some degree of asymmetry consistent with the funnel plot. However, the nonsignificant p-value (p = 0.10) suggests that the observed asymmetry is not statistically significant and could have arisen by chance. While this suggests some bias in the published literature, it is not strong enough to reach statistical significance. Further investigation with a larger sample size may be needed to determine the presence and extent of publication bias definitively.

[image: Funnel plot depicting the standard error against the standardized mean difference (SMD_d) for various studies. Each point represents a study, labeled with author names and publication years. The plot includes a symmetrical inverted funnel shape formed by dashed lines, indicating potential publication bias.]

FIGURE 7
 Funnel plot. This funnel plot visualizes the effect sizes of studies against their precision (standard error) in a meta-analysis. The x-axis represents the standardized mean differences (Cohen’s d, SMD_d = Cohen’s d), while the y-axis shows the precision of each study (inverse of standard error). A symmetric funnel indicates no publication bias, while asymmetry may suggest potential publication bias or heterogeneity among studies.




3.7 Narrative review of non-RCTs investigating AO + MI practice on upper limb function

A total of six non-RCTs investigated the effects of AO + MI practice on upper limb function outcomes in stroke survivors (52, 53, 90, 91, 94, 96). Outcome measures across these studies included FMA-UE, grip strength, the 9-HPT, cup-stacking speed and EMG.

Two studies (90, 94) found no significant differences in clinical measures of upper limb function for AO + MI practice compared to AO, MI, or usual care. Both studies identified, however, that the improvements in upper limb function met the threshold for Minimal Clinically Important Difference (MCID) in various sub-scales of the motor assessment tools (99). In addition to reporting beneficial gains in other non-clinical measures [e.g., cup-stacking speed, (90)], both studies recommended AO + MI therapy as a valuable adjunct for neurorehabilitation in chronic stroke survivors (90, 94).

Robinson-Bert and Woods (94) investigated the impact of synchronous AO + MI practice on upper limb motor recovery after stroke, comparing this to usual care in a non-randomized pre- and post-test control group study. Participants (N = 51) received either AO + MI sessions three times per week along with usual care or usual care alone for 5 days per week, with an average inpatient stay of 2 weeks. Upper limb function was assessed using the FMA-UE and BBT at admission and discharge. Results showed no statistically significant differences between groups in FMA-UE scores (U = 324, z = −0.02, p = 0.99) or BBT scores (U = 274, z = −0.96, p = 0.34), and the effect sizes (r) were small. However, a higher proportion of the intervention group met the MCID for motor recovery (40% vs. 26.9%). Subgroup analysis indicated statistically significant improvements in upper limb recovery among intervention participants with greater commitment to the intervention (FMA-UE: p < 0.001; BBT: p = 0.04).

Binks et al. (90) examined the effects of synchronous AO + MI practice on upper limb recovery in chronic stroke survivors using a within-participant design, compared to AO, MI and an unpracticed control condition (transfer test). Using a Graeco-Latin square design, 10 participants completed 16 trials in each of the four conditions (AO + MI, AO, MI, Control) counterbalanced across four different cup-stacking task sequences, once a week over 5 weeks. Completion times for each task were measured at baseline (week 1), post-test (week 6), and at a two-week retention test (week 8). The study found a significant effect of practice condition on movement execution times at the retention test, F (3,77) = 5.42, p < 0.01, ηp2 = 0.17. Participants in the AO + MI condition (M = 21.37, SD = 6.62) completed tasks significantly faster than in the MI [M = 23.47, SD = 12.89, t(87.2) = 3.08, p < 0.05] and Control conditions [M = 25.87, SD = 11.93, t(87.2) = 2.71, p < 0.05]. The AO condition (M = 25.01, SD = 6.84) did not significantly differ from other conditions, though it approached significance compared to MI [t(87.2) = 2.61, p = 0.051]. No other significant differences were observed across conditions.

A separate study compared the effects of synchronous vs. asynchronous AO + MI on the upper limb function in two participants (96). Participant 1 (P1) engaged in synchronous AO + MI, while Participant 2 (P2) underwent asynchronous AO + MI, both performing a peg insertion and removal task. The NHPT and PST were administered at baseline and after 1, 2, 3, and 4 weeks of intervention. After 4 weeks of consecutive training, both participants struggled to complete the tasks within the designated time limits. However, P1 was able to insert 6 pegs, while P2 managed to insert 4 pegs into the holes on the pegboard. Initially, P1 had a lower PST score than P2; nevertheless, P1 consistently achieved higher scores than P2 beginning in the second week of the intervention. Overall, the higher NHPT and PST scores following synchronous AO + MI indicated that P1 experienced greater improvements in motor function of the affected hand compared to P2.

Three small sample studies reported EMG outcomes and consistently found that AO + MI practice led to greater muscle strength and activity compared to either AO or MI individually (52, 53, 91).

Huang et al. (52) evaluated the feasibility of a VR-based MI training system combined with EMG-based real-time feedback to enable personalized training and quantify participation. A single-group study with four participants performed three sequential experiments on the same day: an assessment, AO, and synchronous AO + MI, each involving a bilateral upper limb basketball-shooting task. EMG data were collected from the flexor pollicis longus, flexor digitorum superficialis, and flexor carpi radialis muscles. Results indicated that muscle strength remained relatively stable in the AO experiment across participants, with muscle activation curves for AO closely matching those of the relaxed state, consistent with low activation levels during AO. In contrast, the synchronous AO + MI experiment showed greater average muscle strength and more dynamic changes in muscle activation, with variability observed between participants. This suggests that EMG-based feedback effectively assessed participant engagement during MI-based rehabilitation. Overall, real-time EMG feedback scores showed superior performance in the AO + MI condition compared to AO.

Lin et al. (53) investigated the effects of combining VR-based AO with EMG-based real-time feedback on MI training. In their single-group study, eight participants completed four sequential experiments over 4 days: an initial assessment, MI, AO, and synchronous AO + MI, all involving a bilateral upper limb basketball-shooting task. EMG signals were collected from seven channels of a passive electrode box placed on key upper limb muscles, including the flexor digitorum superficialis, flexor pollicis longus, and flexor carpi radialis in both arms. The flexor digitorum superficialis on each arm served as its own reference, while the intermediate clavicle muscle acted as the ground electrode. Results showed that AO produced steady, low muscle strength values similar to those in the relaxed state. Both MI and AO + MI produced higher and more variable muscle strength values, with AO + MI showing the highest levels, indicating that AO can enhance MI training. Overall, AO + MI led to superior performance compared to MI alone, yielding greater muscle strength and basketball-shooting scores.

Cha et al. (91) investigated the impact of AO + MI practice on EMG outcomes, occupational performance and motor function using an A-B-A study design with follow-up. Three participants completed 20 asynchronous AO + MI sessions using a beverage-drinking task, with 3-dimensional (3D) motion analysis and EMG data recorded during each session. Assessments using the MAL and Assessment of Motor and Process Skills (AMPS) were conducted in pre- and post-intervention phases (after 20 sessions) and at a 2-week follow-up. Post-treatment results indicated significant improvements across participants. 3D motion analysis revealed enhanced movement smoothness for all, with increased elbow movement range noted only in participant 1. EMG analyses showed elevated agonist muscle activity (%RVC) in reaching movements, with changes of 93.3, 28.8, and 58.2% for participants 1, 2, and 3, respectively, and reductions in co-contraction ratios (CCR) of 224.7, 234.9, and 221.3%, suggesting improved coordination. Additionally, MAL scores indicated sustained enhancements in the use and quality of the affected side, with participant 1 achieving statistically significant improvements in both use (>2.0) and AMPS motor skills (>0.5 logit) at follow-up.



3.8 Narrative review of AO + MI practice on neurophysiological outcomes

Nine studies, comprising five non-RCTs (53, 92, 93, 95, 96) and four RCTs (49, 51, 54, 69), examined the effects of AO + MI practice on neuroimaging outcomes in stroke survivors, including EEG, fNIRS, TMS and fMRI.


3.8.1 EEG studies

Six studies, consisting of four non-RCTs (53, 93, 95, 96) and two RCTs (51, 54) employed EEG to assess the effect of synchronous AO + MI on ERD recorded over the primary motor cortex. All studies reported significantly greater ERD values in the synchronous AO + MI group compared to control groups (which included AO, MI, and asynchronous AO + MI).

Ichidi et al. (93) analyzed EEG signals from stroke patients (n = 8) and healthy participants (n = 8) during three tasks conducted in a single session: gazing at a static image (Gaze), MI, and AO + MI, all involving a hand opening and closing task. ERD was analyzed to compare the responses between stroke patients and healthy subjects, and among the three tasks. For the alpha band, a significant main effect of task was observed, F (1.29,15.48) = 3.996, p = 0.055, but post hoc tests indicated no significant differences in ERD amplitude among the Gaze, MI, and AO + MI conditions. In the beta band, significant main effects were found for both group and task. The group effect, F (1,12) = 5.354, p = 0.039, showed that stroke patients exhibited greater ERD amplitudes than healthy subjects. The task effect, F (2,24) = 15.697, p < 0.001, indicated that ERD for AO + MI was significantly stronger than for both Gaze (p = 0.0002) and MI (p = 0.0091), with MI also being stronger than Gaze (p = 0.023). No other effects were significant (p > 0.1).

Lin et al. (53) examined the impact of integrating VR-based AO with EMG-based real-time feedback on MI training in a single-group study involving eight participants. Over 4 days, participants completed four sequential tasks: an initial assessment, MI, AO, and synchronous AO + MI, all related to a bilateral upper limb basketball-shooting task. EEG signals were recorded from 18 channels centered on C3 and C4 in the sensorimotor cortex. The analysis focused on alpha and beta band power across the four tasks. Both the initial assessment and MI conditions displayed similar patterns, with alpha power exceeding beta power in the sensorimotor cortex. Additionally, beta activity showed greater variability and higher power when comparing MI to AO and AO + MI. Notably, alpha power in the AO + MI condition was lower than that of the beta band, while the alpha trend in AO aligned with both the initial assessment and MI. A comparative analysis using the non-parametric Friedman’s test assessed changes in power across frequency bands, averaging and normalizing electrode data for each condition. Both the initial assessment and MI exhibited similar power ranges in the alpha and beta bands, consistent with spectrum power maps. AO + MI revealed a distinct decrease in normalized power response compared to other conditions, likely due to the combined effects of MI training and the enhancing influence of AO on ERD in the alpha band. In contrast, the beta frequency analysis indicated significant differences in AO compared to initial assessment and MI. Unlike alpha power, beta power increased in both AO and AO + MI conditions, suggesting that observing movement in a virtual environment enhanced beta activity. However, AO + MI demonstrated lower beta power than AO, potentially reflecting the influence of MI.

Sun et al. (51) examined the impact of synchronous versus asynchronous AO + MI practice on sensorimotor cortex activation during a peg insertion and removal task. Participants were randomly assigned to either a synchronous AO + MI experimental group (EG, n = 5) or an asynchronous AO + MI control group (CG, n = 5). Sensorimotor cortex excitability was assessed via ERD data recorded over the primary motor cortex (i.e., mu rhythm suppression). Results indicated that synchronous AO + MI significantly enhanced sensorimotor cortex activation compared to asynchronous AO + MI (ERD: F = 12.800, p = 0.007) after 4 weeks of practice. By the study’s conclusion, the EG showed consistently higher mean ERD values than the CG, with effect sizes progressively increasing across sessions (W1: d = 0.684, W2: d = 1.518, W3: d = 2.143, W4: d = 2.532). Independent t-tests further confirmed that ERD differences between groups reached statistical significance (p < 0.05) after 2 weeks of practice.

Sun et al. (51) extended the work of Sun et al. (96), which compared synchronous and asynchronous AO + MI effects on upper limb function in two participants performing a peg insertion and removal task. Participant 1 (P1) practiced synchronous AO + MI, while Participant 2 (P2) practiced asynchronous AO + MI. EEG was recorded over the right-hand motor cortex (C3, FC3, CP3, T7, Cz) to assess sensorimotor rhythm (SMR) ERD during MI. At baseline, the cortical excitation levels during MI were equivalent between participants. Following MI practice, both participants showed enhanced ERD in SMR. However, after 4 weeks of MI practice, P1 displayed an ERD pattern with greater amplitude, longer duration, and involvement of additional frequency components compared to P2.

Rungsirisilp and Wongsawat (95) examined the effects of an AO + MI-based BCI on ERD and classification performance in chronic stroke patients. Using a within-subjects repeated measures design, 10 participants performed both an MI task as the control condition and an AO + MI task as the experimental condition across two sessions. For the MI task, participants performed MI while viewing a static arrow image, while for the AO + MI task, they observed a video of the movement while engaging in MI of this action. Cortical activity in the AO + MI and MI conditions was compared using ERD/ERS and time-frequency analyses, revealing significant differences in ERD/ERS values in the alpha (p = 0.005), lower beta (p = 0.013), upper beta (p = 0.022), and full frequency bands (p = 0.007). Similarly, classification performance in the alpha (p = 0.005), lower beta (p = 0.011), upper beta (p = 0.021), and full bands (p = 0.005) was significantly higher in the AO + MI condition compared to the MI condition.

Rungsirisilp et al. (54) extended this work by comparing the effects of AO + MI-based BCI and MI-based BCI on cortical excitation and cognitive task performance. Seventeen stroke participants were randomly assigned to either an AO + MI-based BCI group (n = 9) or an MI-based BCI group (n = 8). Cortical excitation in the affected sensorimotor hand region was assessed using ERD, while cognitive task performance was measured through online classification accuracy. Following 40 AO + MI or MI trials, EEG data were analyzed from five channels over the affected sensorimotor region (FC3, C5, C3, C1, CP3 for right-sided hemiparesis; FC4, C6, C4, C2, CP4 for left-sided hemiparesis). Results showed that the AO + MI-based BCI group had significantly higher mean ERD in the alpha and beta bands and greater classification accuracy than the MI-based BCI group (p = 0.034, 0.021, and 0.038, respectively). However, both groups showed similar, progressive increases in classification accuracy over time.



3.8.2 fNIRS study

In the study by Fujiwara et al. (92), fNIRS was used to measure cortical activity in 10 stroke patients under three conditions: MI, synchronous AO + MI using the other hand, and synchronous AO + MI using the patient’s own hand. Each condition involved a single session where participants imagined grasping a cup on a desk, with conditions performed in random order. Recordings were obtained over the left and right sensorimotor cortices, premotor area, prefrontal cortex, presupplementary motor area, and supplementary motor area. Results indicated that cortical activity increased compared to baseline across all regions in all three MI conditions, while no interaction effects were observed. Notably, oxygenated hemoglobin levels (Z-score) were significantly higher in the own-hand AO + MI condition than in the MI or other-hand AO + MI conditions [F (1,2) = 37.327, p < 0.01].



3.8.3 TMS and fMRI studies

Choi et al.’s (49) RCT investigated the effects of AO + MI practice on corticospinal excitability using MEP amplitude as the main outcome measure. Forty-five stroke patients were randomly assigned to either an experimental group receiving synchronous AO + MI (n = 22) or a control group undergoing AO (n = 23). Both groups engaged in 10 activities of daily living (e.g., using chopsticks, writing with a pen, and hand washing), from which participants selected five meaningful activities to practice for five times a week over an 8-week training period. Pre- and post-intervention evaluations indicated significant changes in MEP amplitude within both the experimental and control groups. While the between group comparisons were not significant, there was a significant increase in MEP amplitude observed in the experimental group only, when comparing the amount of change before and after the intervention (p = 0.001).

In the study by Liu et al. (69), fMRI was employed to investigate the effects of combining mental practice with physical practice on hand function in stroke patients. Twenty stroke patients were randomly assigned to an experimental group receiving asynchronous AO + MI alongside physical practice (n = 10) or a control group who received physical practice alone (n = 10). In the experimental group, participants observed a video before engaging in physical practice followed by MI (asynchronous AO + MI). The tasks involved flexion and extension of the thumb, abduction and adduction of all fingers, making a fist, spreading the hand, moving extended fingers back and forth, and performing ulnar and radial deviations. Hand function was assessed using the ARAT, while the number of activated voxels in the contralateral somatosensory motor cortex (SMC) was measured via fMRI.

Results indicated significant increases in ARAT scores post-training for both groups (p < 0.01), with greater improvements observed in the experimental group compared to the control group (p < 0.05). Comparing the number of activated voxels in the contralateral SMC before and after training revealed a significant main effect of training [F(1,154) = 9.558, p < 0.01], indicating that the number of activated voxels post-training was greater than pre-training. There was also a significant main effect of group [F(1,75) = 4.629, p = 0.035], with the treatment group showing a greater increase in the number of activated voxels compared to the control group. Furthermore, the number of activated voxels in the contralateral SMC and the change in ARAT scores were positively correlated with the use of MI involving the affected hand in the treatment group.





4 Discussion

This systematic review with meta-analysis is the first to evaluate the effectiveness of AO + MI practice on upper limb function and neurophysiological outcomes in individuals with stroke. Our study also investigated the moderating effects of demographic and clinical factors that could potentially influence treatment outcomes. Overall, this review identified AO + MI practice can significantly enhance clinical measures of upper limb recovery compared to control groups, this indicates that AO + MI practice represents a potentially effective tool for stroke rehabilitation. In the data pooled across nine RCT studies, there were no significant effect of moderating variables, indicating robust AO + MI practice effects across sub-populations and arrangements of AO + MI. Our narrative synthesis identified a dominant effect for AO + MI practice compared to comparators across behavioral and neurophysiological outcomes, although several studies reported small sample sizes. Below we discuss the main findings.


4.1 AO + MI practice on upper limb motor function outcomes

In both meta-analyses, one using FMA-UE scores only and the other combining FMA-UE and ARAT scores, AO + MI practice demonstrated a medium positive overall effect on upper limb function compared to control conditions. These findings demonstrate the potential of AO + MI interventions to enhance upper limb function in stroke patients, which supports the proposals in previous narrative review papers (16, 18, 46). Although FMA-UE and ARAT assess different constructs within the ICF framework (body function vs. activity), our meta-regression did not indicate a significant moderating effect of outcome type. Therefore, we report both a focused FMA-UE analysis and a combined analysis to provide a broader view of intervention effects, while acknowledging the conceptual differences and small number of ARAT studies. In the present study, the 95% confidence interval (CI) for the pooled effect size (0.13 to 1.04) indicates a reliable increase in FMA-UE scores for the intervention group, with the upper bound of the CI (1.04) suggesting a potentially substantial improvement in upper limb function. This finding is consistent with trends in individual studies that also demonstrated improvements in FMA-UE outcomes following the intervention. Furthermore, the mean improvement of 5.8 points for AO + MI in the FMA-UE data is within the MCID threshold of approximately 4–12 points established for stroke patients (100). It is important to acknowledge that portions of the CI do fall below this threshold, indicating that the effects may not always be clinically meaningful. Despite this, improvements in upper limb function were consistently observed across the studies reviewed, suggesting that AO + MI could serve as a valuable adjunct to conventional stroke rehabilitation therapies.

The meta-analyses exhibited low heterogeneity (<40%), reinforcing the reliability of our results. Additionally, the prediction interval indicated a positive trend in upper limb function improvement, ranging from −0.29 to 1.39. This range suggests a 95% probability that the effect size of future studies will fall within these bounds, with the potential for minimal negative effects at the lower end and substantial improvements at the upper end. Overall, this interval highlights the expected variability in treatment effects, suggesting that future interventions are likely to continue to yield positive outcomes for upper limb rehabilitation.

Similarly, the findings from six non-RCTs collectively indicate that AO + MI practice offers potential benefits in upper limb rehabilitation (52, 53, 90, 91, 94, 96). Notably, three EMG studies reported that AO + MI practice resulted in superior muscle strength and activity compared to either AO or MI (52, 53, 91). This indicates that AO + MI practice may not only improve motor function but also enhance the activities of daily living, for example with potential improvements in movement smoothness, muscle activation, and coordination in stroke survivors.

Huang et al. (52) and Lin et al. (53) explored the use of AO within a VR environment, demonstrating that the VR-based AO component could facilitate MI. Moreover, both studies demonstrated that EMG-based real-time feedback served as an effective method for monitoring patient engagement during MI tasks. A recent study found that combining VR-based MI with kinesthetic MI enhances brain rhythmic patterns and improves task differentiation compared to kinesthetic MI alone (101). Three behavioral studies recommended AO + MI practice as a valuable adjunct for neurorehabilitation in chronic stroke survivors (90, 94, 96). Overall, these studies reiterate the usefulness of AO + MI as an effective intervention for patients demonstrating commitment to their rehabilitation, particularly in facilitating upper limb recovery following stroke.



4.2 AO + MI practice on neuroimaging outcomes

The narrative review of neuroimaging results from nine studies, consisting of five non-RCTs (53, 92, 93, 95, 96) and four RCTs (49, 51, 54, 69), consistently demonstrated that AO + MI improved both cortical activation and upper limb function in stroke survivors. The neuroimaging techniques employed in these studies offers a multimodal understanding of how AO + MI practice can produce relatively permanent changes in cortical activation that correspond to motor recovery. This captures various aspects of neural activity, particularly cortical excitation, thereby clarifying the mechanisms underlying motor recovery (102). The evidence from these studies aligns with substantial multimodal neuroimaging evidence showing similar effects in healthy adults, whereby AO + MI practice can facilitate corticomotor engagement of brain areas involved in the mentally practiced task (46, 103). The present systematic review of nine studies therefore extends the evidence base showing that AO + MI practice can enhance upper limb function by promoting cortical activation that supports neuroplastic changes that underpin recovery in stroke survivors.

In the six EEG studies, which included four non-RCTs (53, 93, 95, 96) and two RCTs (51, 54), greater ERD values were obtained in the synchronous AO + MI group relative to the comparison groups, which included AO, MI, and asynchronous AO + MI. The stronger ERD values observed in EEG studies indicate enhanced cortical engagement during synchronous AO + MI. This could potentially correspond to the neuroplasticity effects that are essential for recovery.

These findings for EEG in stroke survivors are consistent with a previous study that reported increased electrophysiological activity in the primary sensorimotor and parietal regions, particularly within the mu/alpha and beta frequency bands, during AO + MI compared to separate AO or MI conditions (45). Additionally, the studies conducted in stroke survivors by Rungsirisilp et al. (54) revealed that the AO + MI-based BCI group had significantly higher ERD values compared to the MI-based BCI group. This finding supports the conclusion that the enhanced performance of the AO + MI-based BCI group, relative to the MI-based BCI group, demonstrates that combining AO with MI can enhance the effectiveness of MI, promoting brain plasticity and functional recovery.

Notably, the fMRI study conducted by Liu et al. (69) reported that AO + MI combined with physical practice led to a stronger BOLD response in the contralateral sensorimotor cortex compared to physical practice alone. That study also identified the positive correlations between increased BOLD levels in the sensorimotor cortex and improved hand function, suggesting that AO + MI may effectively enhance motor recovery by facilitating neuroplasticity (69). This finding is consistent with recent research demonstrating that AO + MI practice can enhance the capacity for neuroplasticity in individuals who typically do not respond to intermittent theta burst stimulation, potentially facilitating neurological recovery (104).

Fujiwara et al.’s (92) fNIRS data highlighted the potential benefits of using inverted images of a stroke patient’s nonparalyzed hand during MI to enhance motor recovery, since own-hand AO + MI enhanced MI vividness and cortical activity during motor task execution. In line with this, MI vividness was correlated with corticospinal excitability during AO + MI (105). Those authors recorded MI vividness using a visual analogue scale, which they proposed as a potential proxy measure of corticospinal excitability, particularly in complex MI tasks. Additionally, research suggests that observing a high-performing individual with similar motor deficits may be more effective for recovery than observing an unimpaired model (106). A recent review further highlighted that similarities and differences between the observer and model, such as self-observation or sex differences, can influence these effects (107).

In summary, these studies support the view that AO + MI practice can increase and broaden activity within the motor execution network, and that these neurophysiological changes correspond to improved upper limb function in stroke survivors. These findings are consistent with proposals that AO + MI practice represents an effective complementary intervention for promoting upper limb motor recovery (18, 46). Furthermore, AO + MI is both cost-effective and accessible, making it a practical option for widespread clinical implementation (16).



4.3 Factors associated with improvement in upper limb motor function

The meta-regression analysis revealed no significant correlations between the examined moderators and the true effect size, suggesting that the overall effect of AO + MI on upper limb function in stroke patients is robust across various study conditions. Although none of the tested moderators reached statistical significance in the meta-regression, this does not rule out their potential clinical importance. The lack of significant moderation may be due to limited statistical power (e.g., small number of studies per subgroup), limited variability in moderator values, or unmeasured confounding factors. For example, the absence of a significant effect for BCI involvement or AO + MI arrangement may reflect the heterogeneity in how these elements were implemented across studies. Similarly, outcome measure (FMA-UE vs. ARAT) did not significantly influence the pooled effect size, suggesting that AO + MI may benefit both impairment and activity domains, though more studies using ARAT are needed.

Furthermore, the direction and magnitude of the relationships between each moderator and the effect size were examined through regression coefficients. This exploratory analysis identified potential trends that may merit further investigation. The regression coefficients for time since stroke, age, intervention duration, and arrangement of AO + MI were small, indicating a limited association between these factors and the observed effect size.

A small positive correlation was found between time since stroke and treatment effectiveness (β = 0.13), indicating that, in this study, treatment effects slightly increased with longer time since stroke. However, this finding contrasts with broader evidence indicating that the most substantial improvements occur early after stroke onset, followed by a gradual decline in improvement over time (83). Furthermore, limited induced motion interventions for upper limb rehabilitation within 2 weeks post-stroke has been shown to produce better outcomes than later interventions (108). Additionally, time since stroke may influence patterns of cerebral reorganization, as patients with poorer outcomes tend to recruit the contralesional middle intraparietal sulcus, contralesional cerebellum, and ipsilesional rostral premotor cortex primarily in the early post-stroke phase rather than in the later stages (85). Multiple factors influence stroke recovery, including urinary incontinence, sex, pre-stroke disability, dysarthria, age, dysphasia, and limb deficits (109); however, at least 16% of improvements in body function and activities can be attributed to time alone (83). The relationship between time since stroke and the effectiveness of AO + MI has not yet been explored, highlighting the need for further research.

Notably, a negative correlation was observed between participants’ age and treatment effectiveness (β = −0.04), indicating a decrease in effect size of 0.04 for each additional year of age among participants aged 49 to 72. This implies that AO + MI interventions may be slightly less effective in older stroke patients. This result aligns with Mulder et al.’s (84) study, which examined the relationship between age and imagery capacity. They assessed scores from the Vividness of Movement Imagery Questionnaire among 333 participants divided into three age groups: < 30 years, 30 to 64 years, and > 64 years. Their findings indicated that elderly participants demonstrated slightly lower MI capacity than younger participants, particularly in first-person MI (84). Therefore, the relationship between age and AO + MI practice requires further investigation.

In contrast, a positive relationship was identified between intervention duration and effectiveness (β = 0.05), indicating an increase in effect size of 0.05 for each additional week of AO + MI intervention, with a duration range of 3 to 10 weeks. This highlights the potential importance of longer treatment periods for achieving optimal upper limb recovery. This result is consistent with a Cochrane review that assessed the impact of variations in total rehabilitation time on stroke recovery regarding activity. Their findings suggested that increased time spent in rehabilitation may be beneficial if it exceeds a certain threshold (86). However, no current studies examine the relationship between intervention time and AO + MI practice.

The arrangement of AO + MI did not emerge as a significant moderator, as indicated by the minimal regression coefficient (β = 0.05). This indicates that the two forms of AO + MI (synchronous and asynchronous) do not have a substantial impact on the effectiveness of the intervention. Sun et al. (51) compared the effects of synchronous and asynchronous AO + MI on upper limb function in N = 10 stroke participants. Their results showed that synchronous AO + MI significantly enhanced sensorimotor cortex activation and upper limb function compared to asynchronous AO + MI after 4 weeks of practice. The authors concluded that synchronous AO + MI more effectively stimulates the sensorimotor cortex, promoting faster neurorehabilitation in stroke patients. While this small-sample study is the only one comparing these two modalities in stroke rehabilitation, it highlights a notable gap in the literature. While this picture is more mixed across studies in healthy adults (48), further research is necessary to examine the different impacts of synchronous and asynchronous AO + MI on stroke recovery.

The regression coefficients for studies incorporating BCI technology, control conditions (including conventional therapy, AO, MI, and asynchronous AO + MI), and outcome measures were notably larger compared to other factors, suggesting a moderate positive association between these variables and the effect size. Specifically, studies that utilized BCI techniques reported larger effect sizes (β = 0.51), indicating that the integration of BCI technology may enhance the effectiveness of AO + MI interventions (54). This finding is consistent with previous research that suggests BCIs can promote neuroplasticity by providing real-time feedback and active engagement in MI tasks, thereby facilitating more effective motor recovery (95).

A recent review found that most studies on robot control focus on initiating grasping or pinching movements through MI, often combining kinesthetic and visual feedback from the robotic device and display screen (110). While MI in BCI-hand robots show promise for stroke-affected hand rehabilitation, the evidence remains insufficient. Additionally, these studies displayed significant variability in reporting, highlighting the need for standardized protocols to assess technical and clinical outcomes, enhancing the evidence base for these interventions (110).

A similarly strong association was observed between the choice of outcome measure and the effect size (β = 0.50), with stronger effects reported for the ARAT (69, 72) compared to the FMA-UE. This emphasizes the need for consistency and rigor in the selection of assessment tools to accurately capture the benefits of AO + MI interventions. The variability in reported effect sizes across studies may be influenced by the sensitivity and specificity of the different assessment instruments employed. In this context, our review builds upon previous reviews that combined the FMA-UE and ARAT outcomes in a meta-analysis (25, 111). By integrating both FMA-UE and ARAT results into the combined FMA-UE and ARAT score meta-analysis to provide a more nuanced evaluation of the impact of AO + MI on upper limb function on separate indicators of arm function.

The FMA-UE and ARAT are two of the most widely used upper-extremity scales, as both show similar effectiveness in detecting changes in a patient’s upper-extremity function over time (112). Previous research has demonstrated a strong association between motor scores achieved on the FMA-UE and measured capacity on the ARAT, with significant overlap in their respective areas under the curve. Specifically, FMA-UE scores less than 31 points are indicative of no to poor arm-hand capacity (≤21 points) on the ARAT, while scores above 31 correspond to limited to full arm-hand capacity (≥22 points) on the ARAT (113). However, The FMA-UE and ARAT reflect different underlying constructs as defined by the International Classification of Functioning, Disability and Health (ICF) model, with the FMA-UE focusing on body function levels and the ARAT addressing activity capacity (113, 114).

The FMA-UE includes 33 items assessing the upper paretic limb, categorized into four subsections: shoulder-arm, wrist, hand, and upper limb coordination, with a maximum score of 66 points using a three-point ordinal scale (115). In contrast, the ARAT consists of 19 functional items divided into four subtests: grasp., pinch, grip, and gross motor function, with a maximum total score of 57 indicating normative performance (116). Consequently, standardizing the use of these outcome measures in future research could enhance the comparability and validity of findings, ultimately leading to more effective stroke rehabilitation interventions. Consistent use of validated assessment tools will improve our understanding of how AO + MI interventions facilitate motor recovery, paving the way for more tailored rehabilitation strategies.

The positive association with control conditions suggests that the type of control used (conventional therapy, AO, MI, mirror therapy or asynchronous AO + MI) can influence the magnitude of the observed effects. In this meta-analysis, we did not analyze AO + MI in comparison with each control type separately due to the high variability among control conditions in the included studies. Specifically, only one study used MI-based BCI as a control (54), two studies used AO (49, 69), one used mirror therapy (72), and four studies used conventional therapy (64, 68, 88, 89). This variation limits the scope to draw precise conclusions about the comparative effectiveness of AO + MI versus each control condition. Therefore, given the variability in control conditions across existing studies and the limited number of studies directly comparing AO + MI with AO and MI in stroke rehabilitation, further research is essential to systematically evaluate AO + MI relative to individual control conditions, such as AO, MI, and conventional therapy.

Notably, many included studies employed subtractive control designs, comparing AO + MI to either AO or MI alone. While this design is valuable for isolating the additive or synergistic effects of AO + MI, especially in studies using neurophysiological or neuroimaging methods, it may reduce between-group differences in functional outcomes. Since both groups receive active components of therapy, differences in treatment intensity or cognitive engagement are diminished relative to a no-treatment control, potentially underestimating the true effect size in meta-analyses. Future studies should consider incorporating both subtractive and passive control conditions to better assess both the mechanisms and clinical efficacy of AO + MI interventions.

In summary, by comprehensively considering these factors, future studies can reduce variability and achieve more consistent and reliable results. This highlights the need for standardized protocols that specify optimal intervention durations, to consider both the use of advanced technologies like BCI, VR and the selection of rigorous outcome measures when evaluating the impact of AO + MI interventions in stroke rehabilitation (122).



4.4 Limitations and future research recommendations

A significant challenge identified in this review is the inconsistent use of terminology across studies. Some studies claim to focus solely on AO or MI but in practice, include elements of both. Moreover, a wide range of terms was used to describe similar concepts, such as mental practice, motor imagery, synchronous AO + MI, asynchronous AO + MI, and combined AO + MI, leading to confusion and difficulties in comparing results across studies. For example, the range of terms used for AO + MI in the reviewed studies included AO combined MI, the mode of mental practice, mental imagery, mental practice, mental practice using inverse video, synchronous/asynchronous AO + MI, AOMI-based BCI, motor imagery with mental practice. This lack of clarity in terminology complicates the synthesis of evidence and may obscure the true effectiveness of these interventions. Indeed, our qualitative study (117) found that understanding of AO, MI, and AO + MI varied considerably among participants, reinforcing the need for consistent, clear terminology in research and clinical settings. Such variability in comprehension and language not only complicates assessment of efficacy but likely hinders intervention uptake, underscoring the importance of aligning clinical evidence with real-world user experience in future work.

Our review also revealed significant differences in the design, delivery and reporting of AO + MI interventions across studies. This reaffirms the ongoing issue regarding the lack of a standardized reporting of experimental protocols (107). The lack of standardization in how these interventions are applied, particularly concerning the motor simulation states they evoke, poses a major challenge to the comparability and generalizability of results. Future research should ensure consistent and precise terminology to improve comparability and clarify underlying mechanisms. Please see the check list for peer-reviewers as part of the Guidelines for Reporting Action Simulation Studies (107).

Diverse media and technologies, such as pictures, videos, virtual reality (VR), and BCI systems, have been employed in AO + MI interventions, further contributing to the proliferation in terminology and arrangements. This diversity in intervention approaches makes it difficult to draw definitive conclusions about the most effective methods for delivering AO + MI. To address this issue, future research should focus on developing standardized intervention protocols that can be reliably implemented across different settings and populations.

These factors, combined with the relatively small number of studies included in the present analysis, suggest that the results should be interpreted with some caution. Future research should aim to address these limitations by developing standardized and clearly defined intervention protocols and by increasing the consistency of terminology and outcome measures used in this field.




5 Conclusion

The findings of this study demonstrate that AO + MI can enhance both upper limb function and neuroimaging outcomes following stroke. The meta-analysis revealed a medium positive effect overall for AO + MI practice on FMA-UE and ARAT scores. Moreover, the narrative synthesis demonstrated how these effects are reported more widely outside of RCT designs and across neuroimaging outcomes. While AO + MI interventions show significant promise for improving upper limb function in stroke patients, this systematic review and meta-analysis emphasizes the importance of addressing key factors such as age, intervention duration, outcome measures, terminology, and standardization. Tackling these challenges in future research will be critical to fully realize the clinical potential of AO + MI and ensure its effective integration into clinical practice. In practice, we submit that AO + MI might be best suited to acting as a bridge between AO therapy, which requires little effort in early recovery, to the more effortful and advanced practice of independent MI, as a progressive training program toward improved motor execution.
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Mass Index.
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Authors No. of Mean age SD (range) Comparison Post-stroke Assessed Task/Paradigm  Brain infarct

(Years), participants onset functional location
Country areas
Duetal. (2018) (22), 34 (8F 26M) 52 Stroke only (baselineand ~ Ischemic 2weeks Motor Finger tapping MCA, SMA
China after 3 months)
Bajaj etal. 2015) (2), 10 (4F 6M) 60.1 £ 10.52 years Stroke only Ischemic and Upper limb motor Motor imaginary M1, PMC, SMA
UsA hemorrhage task, motor execution
task
Kreydin etal. (2020) 17 (18-60stroke)(18-40 HC)  Stroke and healthy Cerebral stroke ~15-33 months Lower urinary tract Urodynamic cycle Cerebellum,
(1), California periaqueductal grey;

bilateral insula

Kristinsson et al. 87 (21-80) Stroke only Ischemic 9.5 months Aphasia Picture namingtask  MCA, posterior
(2019) (10), Columbia (BDNFgenotype) occipital and parietal
lobe, anterior temporal

and frontal area

Nardo etal. (2017) 18 (6F 12M) 50+12 Stroke only (baseline and Ischemic 61 months + 58 Aphasia Picture naming task L hemisphere

(), UK after 6-weeks)

Saleh etal. (2011) 4(2F 2M) 61547 years (55-70) Stroke only (baseline and ~ Ischemic have value but no otor, motor Full hand flexion Cerebrovascular
1), USA after 8 days) parameter

Bonakdarpour, 5(1F 4M) (36-65) Stroke and healthy Ischemic and 2years Aphasia Words and Broca area, posterior
Parrish, and hemorrhage pseudowords perisylvian network
‘Thompson (2007)

(20, USA

Mechan et al. (2011) 18 (8F 10M) (55-74) Stroke and healthy Ischemic 12 months Motor Joystick based task | PMC

(25), Canada

Lietal. (2021) (23), 21 (12E9M) 219 Stroke only Ischemic Sensorimotor, motor  Finger to thumb task | SM1, PA

China

Wang etal. (2022) 105 (40F 65M) (59.56 + 9.82-stroke) Stroke and healthy Ischemic 27221753 (Days) | Sensorimotor, motor  Thumb- index finger  Ipsilesional hemisphere
(24), China (56.64+5.17) tapping

MCA, middle cerebral artery; SMA, supplementary motor area; M1, primary motor cortex; PMC, premotor cortex; SM1, primary sensorimotor cortex; PA, perinidal angiogenesis; M, male; F, ferale.
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Authors (Years)

Brain connectivity and correlation

Brain area activati

Duetal. (2018) (22)

Bajaj etal. 2015) (2)

Kreydin etal. (2020) (1)

Kristinsson et al. (2019) (10)

Nardo etal. (2017) (4)

Saleh etal. (2011) (21)

Bonakdarpour etal. (2007) (20)

Meehan etal. (2011) (25)

Lietal. (2021) (23)

Wang etal. (2022) (24)

Motor deficit and stroke

sability assessments show

improvement afier 3 months from baseline

FMA shows improvement after training.

HC has less severity of overactive bladder compared to
stroke patients
HC has lower level o distress overactive bladder compared

to stroke patients

‘Typical BONF have lower severity of aphasia compared to
atypical BONF

‘Typical BONF have higher accuracy of semantic memory
and language abil

ies compared to atypical BONF

Stroke patients have higher accuracy after 6 weeks training
compared to the baseline

Stroke patients have a higher reaction time after 6 weeks
training compared to baseline

“There was a significant positive effect of anomia training on
the naming performance improving accuracy and reaction

time

Movement duration was shorter afier 8 days tra

compared to baseline

increase of angular excursion after 8 days of trai

ng
compared to baseline
increase in angular velocity afier 8 days of training

compared to baseline

HC have higher accuracy compared to stroke patients
HC have lower reaction time compared to stroke patients

HC have less tracking error on the bascline (day 1 training)
compared to stroke patients
HC have lower tracking error compared to stroke patients

after 6 days training even afier improvement in both groups.

Presence of PA-HK distance was significantly associated
h

there no correlation was found between nidus volume and

with lower interhe activation ratio

interhemispheric activation ratio

Patients with nearly no functional damage have less increase
and decrease connections within the contralesional
hemisphere and between bilateral hemisphere.

patients with mild functional damage (NTHSS 2-4) had the
strongest activations within contralesional hemisphere and

between bilateral hemisphere

Motor imagery

1. Affected hand—increase significant bidirectional connections (SMA<-
>PMC, PMC<->M1) after training, whereas only one connection
(PMC -> M1) at baseline.

2. Unaffected hand—increase significant bidirectional connection
(PMC<->M1, between SMA<->M1) after training, whereas only one
connection (M1 -> PMC) at baseline.

Motor execution

1. Affected hand—increase significant connection after training (SMA<-
>PMC) compared to baseline (SMA -> M1)

2. Unaffected hand—increase of significant connection (PMC<->M1,
SMA<->M1) compared to baseline (M1<->PMC)

Ipsilesional motor cortex & bilateral sensorimotor area -increase
connectivity after training compared to baseline. Patients with subcortical
lesions shows smaller increase

Contralesional hemisphere -Active voxel in Subject 1: post-
training<baseline

Ipslesional hemisphere—Active voxel in Subject 3 and 4: post-

training>bas

Ipsilesional hemisphere—HC have lower positive functional correlations
between precentral and postcentral gyri compared to stroke patients.
Contralesional hemisphere—HC and stroke patients have similar lower
value positive correlations between precentral and posteentral gyri

Bilateracl upper limb motor regions—HC have smaller activation range

compared to stroke patients in IS
Interhemisphere correlations—HC and stroke patients have same number

of positive and negative correlations between ROL

Affected hand: enhanced activity in ipsilesional M1, PMC, SMA

and contralesional hemisphere after 3 months post-basel

Cerebellum—activation in Stroke > HC.
Motor cortex & SMA—activation in HC > Stroke.

Cingulate Cortex (anterior & posterior)—HC > stroke patient.
Dorsolateral Prefrontal Cortex—activation only in HC during
void vs rest contrast

Insula & Periquaductal Grey—activation only in stroke
Inferior Parietal Cortex—activation only in stroke

Activation pattern—Both genotypes shows similar patterns of
activation focusing on bilateral posterior temporal gyrus, pre-
and posteentral gyrus and longitudinal fissure

Activation intensity—typical BONF shows higher intensity of
activation compared to atypical BDNE (R_posterior temporal
lobe, R pre-and posteentral gyrus and R frontal lobe white

matter)

R_anterior insula & R_IFC- increase in BOLD response after
training compared to bascline.
R_dACC & L_PMC -increase of BOLD response after training

compared to baseline.

Subjects 1 and 2 showed more activation in the motor cortex
and sensorimotor area, while Subjects 3 and 4 showed less

activation compared to baseline.

Perisylvian Region—HC and A2 & AS patients have lower BOLD
TTP compared to other stroke patients

Visual Cortex—HC and stroke patients shows no different in
BOLD TTP in Left primary visual cortex and Right occipital

area.

Dorsolateral Prefrontal Cortex
1. Random sequence tracking - HC shows positive BOLD
response while stroke patient shows no difference in BOLD

response after 6 days training

Repeated sequence tracking—HC shows negative BOLD

response compared to stroke patients with no difference in

BOLD response. After 6 days training

PMd

1. Random sequence tracking—HC and stroke patients shows
smaller positive BOLD response

2. Repeated sequence tracking—HC shows higher positive
BOLD response compared to BOLD response in stroke
patients

Contralesional hemisphere—All stroke patients have activation

center located within hand knob area SM1

Ipsilesional Hemisphere—most patients (17 out of 21) activation

center are within the hand knob area. One patient shifted

activation center laterally from the hand knob area. Three

patients have no significant activation detected

MCA, middle cerebral artery; SMA, supplementary motor area; M1, primary motor cortex; PMC, premotor cortex; PMd, dorsal premotor cortex; SM1, primary sensorimotor cortex; PA, perinidal angiogenesis; FMA, Fugl-Meyer Assessment; ROI, region of interest;

HC, healthy control; ISC, inter-subject correlation; BOLD, blood oxygenation level dependent; TTP, time to peak; R

right; L_, left; dACC, dorsal anterior cingulate cortex; IFC: Inferior frontal cortes.
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