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ABSTRACT

INTRODUCTION: Upper limb impairment is a common consequence of stroke, significantly affecting the quality of life and independence of
survivors. This scoping review assesses the emerging field of muscle synergy analysis in enhancing upper limb rehabilitation, focusing on the
comparison of various methodologies and their outcomes. It aims to standardize these approaches to improve the effectiveness of rehabilitation
interventions and drive future research in the domain.

EVIDENCE ACQUISITION: Studies included in this scoping review focused on the analysis of muscle synergies during longitudinal rehabilita-
tion of stroke survivors’ upper limbs. A systematic literature search was conducted using PubMed, Scopus, and Web of Science databases, until
September 2023, and was guided by the PRISMA for scoping review framework.

EVIDENCE SYNTHESIS: Fourteen studies involving a total of 247 stroke patients were reviewed, featuring varied patient populations and
rehabilitative interventions. Protocols differed among studies, with some utilizing robotic assistance and others relying on traditional therapy
methods. Muscle synergy extraction was predominantly conducted using Non-Negative Matrix Factorization from electromyography data,
focusing on key upper limb muscles essential for shoulder, elbow, and wrist rehabilitation. A notable observation across the studies was the het-
erogeneity in findings, particularly in the changes observed in the number, weightings, and temporal coefficients of muscle synergies. The studies
indicated varied and complex relationships between muscle synergy variations and clinical outcomes. This diversity underscored the complexity
involved in interpreting muscle coordination in the stroke population. The variability in results was also influenced by differing methodologies
in muscle synergy analysis, highlighting a need for more standardized approaches to improve future research comparability and consistency.
CONCLUSIONS: The synthesis of evidence presented in this scoping review highlights the promising role of muscle synergy analysis as an
indicator of motor control recovery in stroke rehabilitation. By offering a comprehensive overview of the current state of research and advocating
for harmonized methodological practices in future longitudinal studies, this scoping review aspires to advance the field of upper limb rehabilita-
tion, ensuring that post-stroke interventions are both scientifically grounded and optimally beneficial for patients.

(Cite this article as: Facciorusso S, Guanziroli E, Brambilla C, Spina S, Giraud M, Molinari Tosatti L, ef al. Muscle synergies in upper limb stroke
rehabilitation: a scoping review. Eur J Phys Rehabil Med 2024;60:767-92. DOI: 10.23736/S1973-9087.24.08438-7)
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Introduction ing cause of disability-adjusted life years (DALYs) world-

wide.! A common sequelae of stroke is upper limb paresis,

Stroke is a major global health burden, ranking as the which affects up to 80% of stroke survivors and impairs
second-leading cause of mortality and the third-lead- their ability to perform activities of daily living.2 The mea-
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surement of upper limb function is essential for assessing
rehabilitation therapies’ effectiveness and enhancing ther-
apeutic practice.

Several common assessments are used to evaluate up-
per limb function in a stroke patient, such as Motor Activ-
ity Log (MAL), the Wolf Motor Function Test (WMEFT),
Fugl-Meyer assessment (FMA), Action Research Arm
Test (ARAT) and other clinical measures.3 These tools are
designed to gauge motor function and recovery.* However,
the data obtained from these measures can be influenced
by various factors such as the examiner’s experience and
can be sensitive to subjective interpretation.5 Moreover,
these methods mainly describe residual function without
focusing on the neural representation of upper limb coor-
dination.® The complexity of the upper limb movements
during normal daily activities and the different phenotypes
of upper limb post-stroke are primarily described by ki-
nematics and muscle activations.” In fact, muscle activa-
tion patterns are often impaired after stroke, which can
limit both movement coordination and functional recov-
ery. Therefore, more dynamic and objective measures are
needed to quantify these movement-related characteristics
and analyze the neural basis of abnormal movement in
stroke.8

Historically, abnormal synergies are clinically described
as stereotyped movements due to the loss of independent
joint control often defined as the flexion synergy and the
extension synergy.® Indeed, abnormal muscle synergies
tend to express after the first three-six months post stroke
particularly in moderate severe impaired stroke patients
and can limit both movement coordination and functional
recovery.l0 In fact, synergies are closely linked with mo-
tor recovery after stroke.!! The study of muscles synergies
has become important for improving the understanding of
motor impairment and recovery after stroke, and for de-
veloping new rehabilitation therapies that can improve pa-
tient outcomes.!2 This approach holds promise for various
fields, including sports science, prosthetics, and neurore-
habilitation.

Neural basis of upper limb muscle synergies

Several models and analysis techniques have been em-
ployed to describe the neural representation of upper limb
movement, with the goal of capturing its hierarchical and
modular organization. These models include somatotopy,
cortical connectivity, and muscle synergies.!0 In particular,
the analysis of muscle synergies, extracted from electro-
myography (EMG) data derived from multiple muscles,
has proved its potential to provide a quantitative repre-
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sentation of the neural mechanisms that underlie human
movement in many scenarios including patients’ evalua-
tion.

Muscle synergies are coordinated muscle activation pat-
terns, governed by dynamic neural commands indicating
a functional neural linkage.!3 This has been supported by
numerous animal studies, which propose a linear combi-
nation of synergies as the basic blocks underlying move-
ment.!3: 14 These synergies are believed to mirror the con-
nections among motoneurons in the spinal cord, triggered
by central commands and sensory feedback.!0

The muscle synergy theory aligns with the dynamic-
systems model, viewing movement as an interplay among
various dynamic systems — namely nervous system, and
environment. In this context, muscle synergies function as
modules that the central nervous system (CNS) can acti-
vate or modify to meet task demands and environmental
conditions.!> Examining how muscle synergies encode
task parameters can provide insights into the organization
of human motor control,!¢ illuminating the integration and
coordination of various motor command levels to yield
adaptive, flexible movements. One recent study scruti-
nized spatial and temporal synergies during multi-joint
upper limb movement, stressing the importance of char-
acterizing motor coordination at both temporal and spatial
levels to comprehend the neurophysiological mechanisms
governing upper limb movement.!” Furthermore, d’Avella
et al. demonstrated that specific time-varying (spatiotem-
poral) muscle synergies underpin the execution of varied
motor tasks such as defensive kicking in frogs, and could
accurately reconstruct the muscle activation patterns re-
quired for fast-reaching movements in humans.!3. 18

Despite ongoing debate regarding the neural mecha-
nisms underlying muscle synergies, they provide valu-
able insights into the neural coordination of muscles.!®
Evidence supporting a neural origin of muscle synergies
comes from vertebrate studies,!® developmental observa-
tions of synergies shared across behaviors and species,20-22
and clinical findings of synergies preserved after stroke.23
In contrast, others propose that biomechanical constraints
could explain synergies without requiring neural cou-
pling.24-26 Using cadaver experiments and computational
models, it has been demonstrated that constraints imposed
by the limb biomechanics can produce apparent muscle
couplings even if muscles are assumed to be indepen-
dently controlled.?’ As a synthesis, Ting and McKay pro-
pose that muscle synergies reflect a neural control strategy
that incorporates biomechanical constraints.28 They argue
synergies emerge from the interplay between neural con-
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trol and the biomechanics of the body and environment.
Alessandro et al. proposed a shift towards a more task-
oriented analysis by evaluating whether muscle synergies
can effectively generate the required task-level behaviors.
This approach would provide stronger evidence to resolve
the debate on whether synergies reflect the neural control
strategies used by the CNS, demonstrating that synergies
enable the nervous system to achieve task-level goals by
coordinating muscles in a manner that accounts for the dy-
namics of the musculoskeletal system.2?

Computationally identified muscle synergies

Computationally, muscle synergies are typically extract-
ed from the processed EMG signals using several matrix
decomposition techniques. The most common method is
Non-Negative Matrix Factorization (NMF), which fac-
tors the EMG matrix into two non-negative matrices: the
synergy matrix (W) and the activation coefficient matrix
(C).30 The synergy matrix represents the relative weighting
of each muscle within each synergy, while the activation
coefficient matrix represents the time-varying activation
of each synergy during the movement. Mathematically, the
EMG matrix (m X t), where m is the number of muscles
and ¢ is the number of time points, is decomposed into the
product of the synergy matrix (m % n) and the activation
coefficient matrix (n x f), where n is the number of syn-
ergies.!8 Each column of the synergy matrix represents a
single synergy, with the values indicating the relative con-
tribution of each muscle to that synergy. Each row of the
activation coefficient matrix represents the time-varying
activation of a specific synergy throughout the movement.
Additionally, other algorithms including Principal Compo-
nent Analysis (PCA),3! Independent Component Analysis
(ICA)32 and Factor Analysis!8 are also utilized. The num-
ber of synergies (n) is usually determined by iteratively
increasing the number of synergies until the incremental
increase in Variance Accounted For (VAF) or R2 becomes
negligible. Both VAF and R-squared measure the percent-
age of the original EMG data that can be reconstructed
using the extracted synergies.33

Muscle synergies and stroke

After a stroke, damage to key motor pathways, such as
the corticospinal tract, can disrupt the normal control of
movement and lead to the development of abnormal syner-
gies. To date, some cross-sectional studies have provided
some insights into the post-stroke muscle motor function
based on muscle synergies.’- 8 23,34-37 Cheung et al. high-
lighted the stability of muscle synergies post-stroke, sug-
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gesting that despite cortical damage, the CNS retains some
aspects of pre-stroke motor coordination.23. 35 This stabil-
ity refers to the similarity of the basic structure of muscle
synergies between affected and unaffected arm.23 How-
ever, while the structure of these synergies is conserved,
the numbers of muscle coordination can be represented by
three patterns such as preservation, merging and fraction-
ation.35 These patterns were found to correlate with the
level of motor impairment, as assessed by the Fugl-Meyer
Scale, and time since the stroke onset.3> Garcia-Cossio et
al. found that new synergy patterns were generated in se-
vere affected upper limb depending only in case of intact
sensorimotor cortex.3” Building on these insights, McMor-
land et al. in 2015 emphasized that recovery hinges on two
factors: the reorganization of impaired synergies and the
formation of new ones through cortical reorganization.!0
Conversely, Roh et al.,7- 36 Pan et al.® and Li et al.34 re-
ported no significant difference in number of synergies be-
tween stroke and control groups. However, they observed
changes in the structure of muscle synergies, with these
changes correlating with the severity of motor deficits in
chronic and subacute stroke patients.

Muscle synergies and stroke rehabilitation

Stroke rehabilitation for upper limb impairment can involve
a variety of approaches, including physical therapy, occupa-
tional therapy, and the use of assistive technologies, robots,
brain computer interface (BCI), virtual reality (VR),38 and
others. While the effectiveness of stroke rehabilitation can
vary depending on several factors such as the severity of
the stroke, the individual’s level of motivation and engage-
ment in therapy, researchers have demonstrated that early
and intensive rehabilitation can lead to better outcomes in
terms of functional recovery and overall independence.39
In the last 20 years, there has been an increasing interest in
the use of robotics and other technologies for upper limb
rehabilitation following stroke.40.4! These technologies can
provide intensive and repetitive training, which is essen-
tial for promoting neural plasticity and functional recov-
ery since the early phase of stroke.42 Robotic devices can
also provide objective measurements of performance and
progress and enable customized training programs tailored
to the specific needs and abilities of individual patients.43
However, despite promising results, further research is
needed to better understand the mechanisms underlying the
effects of these technologies and to optimize their use in
stroke rehabilitation.#* To maximize the benefits of these
technologies, it is crucial to supplement them with compre-
hensive models that explain and interpret the performance
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Figure 1.—A framework for stroke
rehabilitation: a multi-modal assess-
ment strategy.

sEMG: surface electromyography;
EEG: electroencephalography;
fNIRS: functional near infrared
spectroscopy; TMS: transcranial
magnetic stimulation; MEG: magne-
toencephalography.

This diagram outlines a framework
for stroke rehabilitation, encompass-
ing a multi-modal assessment strat-
egy. Key components include move-
ment analysis, via electromyography
and kinematics, brain activity assess-
ments such as EEG, fNIRS, TMS,
MEG and clinical scale evaluations,
all of which contribute to an under-
standing of neural and residual mo-
tor functions. Dotted lines highlight
the role of muscle synergy analysis
in fine-tuning the rehabilitation pro-
tocol, which is continuously refined
to enhance motor outcomes, suggest-
ing that the integration of synergy
data can lead to adjustments for more
targeted intervention.

. .
< -~ 1
. s

Movement analysis

Mot

Kinematics patt

Clinical scales Seve

Multi-modal assessment

Other assessments

Brain activity study .,
(e.g. EEG, fNIRS, ——
MEG, TMS)

Motor
outcome

of each body part and its function, all within the context of
a unified theory of motor control.45 Figure 1 illustrates a
framework for post-stroke upper limb rehabilitation, adopt-
ing a multi-modal, motor control-based approach that in-
corporates muscle synergy analysis to customize treatment
protocols aimed at enhancing motor outcomes.

In the recent Robot Assisted Training for the Upper Limb
after Stroke (RATULS) Trial, the largest multicentered
study in the field of robot-assisted upper limb training, the
outcomes demonstrated the unequivocal benefits of neuro-
rehabilitation for post-stroke motor recovery.4¢ However,
robot-assisted training did not exhibit a marked superior-
ity in augmenting upper limb functional outcomes com-
pared to “enhanced upper limb therapy” measured with
ARAT. While the ARAT provided valuable metrics for
evaluation, it may not fully capture the intricate dynamics
of motor neuroplasticity. Muscle synergy analysis offers
a promising approach to assess motor function and eluci-
date the complex interplay of motor control mechanisms
post-stroke. By examining coordinated muscle activation
patterns, muscle synergies afford a deeper insight into the
subtle yet critical differences in motor control restoration
attributed to diverse rehabilitation modalities. Applied
to studies similar to RATULS, muscle synergy analysis
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could provide valuable insights into the underlying neural
mechanisms of motor recovery and help identify the most
effective rehabilitation strategies.4¢

Furthermore, muscle synergies have the potential to
guide the development of personalized therapeutic proto-
cols in stroke rehabilitation. A review by Hong et al. sug-
gests that models combined with robotic exoskeletons may
enhance rehabilitation outcomes through synergy-based
training#’, with only three studies focused on upper limb
treatment in stroke patients. A thorough literature review
revealed that rehabilitation can lead to a structure and tim-
ing of muscle synergies during walking in stroke patients
more similar to those observed in healthy individuals.48

Despite these promising results, it remains unclear how
longitudinal rehabilitative treatments influence muscle
synergies and how synergy-based treatments might guide
personalized treatments, thereby improving rehabilita-
tive approaches. The organization of muscle synergies
into modular and fractionated patterns serves as both an
indicator of motor impairment and a potential target for
neurorchabilitation.3> These patterns can be manipulated
to create new synergies, alter activation profiles, and mod-
ify internal structure, thereby improving motor function.
This scoping review aims to investigate the impact of re-

&
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habilitative interventions on upper limb muscle synergies
in stroke patients. The review will examine how muscle
synergy analysis is employed with various rehabilitation
approaches and integrated with clinical scales and instru-
mental assessments. By identifying gaps in the existing
literature, this review will provide preliminary recommen-
dations for designing effective interventional studies on
muscle synergies in stroke populations.

Evidence acquisition
Study approach

This paper appraises or evaluates the current use of muscle
synergies for the analyses or the assessment of post-stroke
upper limb longitudinal interventions.

Inclusion criteria were: 1) muscle synergies analysis
in longitudinal upper limb rehabilitation in stroke pa-
tients; 2) post-stroke upper limb function quantification;
3) protocols and set-ups based on muscle synergies; 4)
interventions using conventional and innovative technolo-
gies. Articles analyzing subjects with spinal cord injury,
multiple sclerosis, Parkinson’s disease, and other diseases
that interfere with upper limb function were excluded.
Single-session assessment studies were also excluded, as
the focus was on longitudinal assessments. There was no
exclusion based on study quality or methodology, given
the limited number of studies in this field. In this scoping
review, we categorized studies into robotic and non-robot-
ic rehabilitation interventions based on muscle synergies
in post-stroke upper limb rehabilitation. This distinction
is crucial for understanding the unique impacts of each
intervention type on muscle coordination. Robotic inter-
ventions, characterized by their specific, repetitive move-
ments, offer a distinct technological influence on muscle
synergy patterns, although they are not yet fully personal-
ized to patient needs. This approach aims to enhance our
understanding of muscle synergies application across di-
verse rehabilitation modalities.

Three independent authors systematically screened
each record and report to determine eligibility based on
the predefined inclusion/exclusion criteria and disagree-
ments were resolved through discussion. Subsequent data
collection from the selected reports was also performed,
verifying accuracy through cross-checks and, when neces-
sary, seeking confirmation from the original investigators.
The measurement methods were studied in detail, and the
parameters considered were identified and charted.

More specifically, this scoping review attempts to an-
swer the main research question (RQ 0): “How have mus-
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cle synergies been used in clinical practice for assessment
of upper limb interventions in post-stroke rehabilitation?”.

RQ 0 is further divided into the following research
questions:

RQ (1) What is the impact of longitudinal interventions
on the structure, number, and temporal evolution of mus-
cle synergies?

RQ (2) How do the algorithms used, selection of mus-
cles and stroke characteristics influence the extraction and
interpretation of muscle synergies?

RQ (3) How do changes in muscle synergies correlate
with clinical outcomes and other metrics of stroke recov-
ery throughout treatment?

RQ (4) What differences were implemented between
the rehabilitation protocols and synergy extraction acqui-
sition sessions?

RQ (5) How do task-specific differences in muscle syn-
ergies inform the design of personalized rehabilitation pro-
tocols?

This scoping review employed the Joanna Briggs Insti-
tute (JBI) methodology,* aiming to explore the breadth
of literature on muscle synergy analysis in post-stroke up-
per limb rehabilitation. The scoping review was guided
by the PRISMA (Preferred Reporting Items for System-
atic Reviews and Meta-Analyses) framework for scop-
ing reviews.50 The international guidelines established by
PRISMA 2020 were followed.5! To ensure a comprehen-
sive answer to the research questions, all the included ar-
ticles were thoroughly reviewed, and pertinent data were
systematically extracted. Data from the included studies
were charted using a customized Microsoft Excel spread-
sheet. The extracted data focused on study characteristics,
types of interventions, clinical outcomes, muscle synergy
analysis and suggestions for future research. A narrative
synthesis approach was utilized to summarize the findings
and present them in alignment with the review objectives.

Search strategy

With the above-mentioned aims, the following procedure
was employed for the literature screening. A comprehen-
sive literature search was obtained by screening PubMed,
Scopus, and Web of Science, using a query based on the
keywords: Muscle synerg® AND Rehabilitation AND
stroke, “upper limb” OR “upper extremity”. The search
queries conducted across various databases were as fol-
lows:

1) Web of Science: ALL=(“muscle synerg*”)
AND ALL=(stroke) AND ALL=(rehabilitation) AND
ALL=(“upper limb” OR “upper extremity”).
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Figure 2.—The PRISMA flow chart for the proposed scoping review.

2) PubMed: (((muscle synerg*) AND stroke) AND re-
habilitation) AND ((upper limb) OR (upper extremity)).

3) Scopus: TITLE-ABS-KEY (“muscle synerg*”) AND
TITLE-ABS-KEY (stroke) AND TITLE-ABS-KEY (reha-
bilitation) AND TITLE-ABS-KEY (“upper limb” OR “up-
per extremity”).

The full text of the relevant articles was reviewed to
determine which ones met the study criteria for further
analysis. The search was limited to articles published in
English up to September 2023. In addition, the references
of the relevant articles were checked to identify any ad-
ditional studies that could be included in this analysis. A
total of 314 papers were identified. For a visual representa-
tion of the article selection process, refer to Figure 2.

Evidence synthesis

In this scoping review, a total of 14 articles involving a
total of 247 stroke patients were included. Ten studies em-
ployed an observational pre-post experimental design,52-59
Lencioni ef al., Niu et al. and Zendehbad et al., which uti-
lized a randomized controlled trial design.®0-62 Two studies
performed a secondary analysis of muscle synergy based
on previously published works.63. ¢4 Particularly, Hesam
Shariati ef al. published their paper in two parts: the first
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part showed clinical evaluations and outcomes and the
second part focused on muscle synergies analysis in the
same population.®3. 65 Seo et al. utilized extracted sSEMG
data from an existing randomized controlled trial by Mu-
gler et al®¢ for muscle synergies analysis.®* Accordingly,
clinical outcomes and kinematics data were sourced from
the study conducted by Mugler et al. for the purpose of
this review.66

The characteristics of the studies in this scoping re-
view differ depending on the rehabilitative therapies used,
the tasks employed, the outcome measurements, and the
synergy-related analysis, as indicated in Supplementa-
ry Digital Material 1, Supplementary Table I, II. Due to
these variations, the characteristics of the synergy-related
outcomes varied across the studies. In this analysis, two
groups of studies have been considered: those that used
robotics devices and those that used other rehabilitation
approaches.

Robotic studies
Enrolled patients and volunteers

In the six studies based on robotic intervention, we ob-
served a diverse range of populations. The number of
participants in these studies ranged from a small sample
size of five chronic stroke patients to larger cohorts, up
to 32 patients. Pierella et al. enrolled 6 subacute stroke
patients and 6 healthy controls, for a total of 12 partici-
pants.>2 Scotto di Luzio ef al. studied 7 chronic stroke pa-
tients.53 Tropea ef al. included 6 subacute stroke patients
and 10 healthy controls, totaling 16 subjects.55 Belfatto et
al. analyzed data from 5 chronic stroke patients, which
is the smallest sample size among the robotic studies re-
viewed.>* Irastorza-Landa ef al. recruited the largest num-
ber of stroke patients, with 18 chronic stroke patients di-
vided into an experimental group of 10 and a control group
of 8.5¢ Lencioni et al. studied 32 stroke patients, divided
into a robotic group of 15 and a usual care group of 17,
along with 10 healthy controls.®® In the Lencioni et al.,
Irastorza et al. and Scotto di Luzio et al., paretic and ip-
silesional limbs were compared.53. 56. 60 All participants in
Pierella et al.’s study had ischemic strokes and were right-
side paretic.52 In contrast, Tropea et al.’s study included
five ischemic and one hemorrhagic stroke patients, with
the majority being left-side paretic.55 Two studies did not
specify the type of stroke or affected side in their popula-
tion.54 56

Turning to the evaluation metrics, the FMA stands out
as a prominent tool for assessing upper limb motor im-

October 2024



MUSCLE SYNERGIES IN UPPER LIMB STROKE REHABILITATION

pairment.¢7 It is worth noting that the FMA-UL comprises
33 items and each item is scored as 0 (indicating absence
of function), 1 (partial impairment), or 2 (no impairment),
allowing for a cumulative score range from 0 to 66. The
authors across studies employed different subsets of the
FMA domains to calculate the final score. Pierella et al.
presented a range of FMA-UL scores between 5 to 54,
encompassing both mild, moderate and severe impair-
ments.52 Scotto di Luzio ef al. enrolled a narrower range
of patients, with FMA-UL scores between 26 and 45, indi-
cating a moderate to severe motor impairment.5> Another
study reported FMA-UL scores between 8 and 36, which
suggests that the patients had severe motor impairment.55
Belfatto et al. used FMA-UL (sections A-D), with scores
ranging from 11 to 61, suggesting a broad spectrum of mo-
tor impairment levels.># Irastorza et al. used the modified
FMA-UL, scores ranged from 2 to 33, pointing to a se-
verely impaired group.5¢ Finally, Lencioni et al. reported
FMA-UL median scores of 45 in the robotic group and 21
in the usual care group.©

Types of intervention

Various robotic devices were employed across the stud-
ies to facilitate the rehabilitation process, each tailored to
specific aspects of upper limb rehabilitation. The InMo-
tion2 robot (Interactive Motion Technologies, Inc., Cam-
bridge, MA, USA) was utilized in the study by Tropea et
al. to enable patients to perform reaching movements in
the eight cardinal directions on a horizontal plane, offer-
ing assistance as needed.>> The Braccio di Ferro system
(Celin s.r.l., Italy), as used in the study by Lencioni ef al.,
allowed participants to control the position of an end-ef-
fector in planar movements, focusing on reaching tasks in-
volving the shoulder and elbow.®0 The Mitsubishi Pa 10-7
robotic end-effector arm (Mitsubishi S.P.A., Tokyo, Japan)
was employed by Belfatto et al. for executing 3D point-
to-point movements.>* The Gloreha Sinfonia (Idrogenet
S.R.L., Brescia, Italy), as reported by Scotto di Luzio et
al., is a hand glove exoskeleton, specifically designed for
hand rehabilitation.>3 Lastly, the Arm Light Exoskeleton
Rehab Station (ALEx-RS) by Wearable Robotics srl, was
utilized in the study by Pierella et al. for a 3D point-to-
point reaching task using an upper-limb exoskeleton.52 Un-
like the other devices, the Brain-Machine Interface (BMI)
controlled robot used in the study by Irastorza-Landa et
al. represents a novel experimental approach.5¢ All the de-
vices offer a specific level of guidance when the subject is
unable to reach a target within a specified time frame. In
the study by Lencioni ef al., the robotic system facilitated
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reaching movements in two distinct force modes: assist-as-
needed and resistive chosen by the physiotherapist.®® The
studies by Pierella et al. and Tropea et al. described robots
that provide force as needed during therapy sessions.52. 55
Scotto di Luzio ef al. used a hand exoskeleton in active-as-
sisted mode during the rehabilitation treatment, where the
non-paretic hand starts the movement and the paretic hand
follows the same movement with assistance.5? In the study
by Nerea Irastorza-Landa et al., both a hand orthosis and
an arm orthosis were controlled via a BMI system, which
allowed for the modulation of sensorimotor rhythms de-
tected through EEG to control the movement of the or-
thoses.5¢ The movement of the orthoses was synchronized
with the patients’ intentions to move, as detected by their
brain activity.

Protocols for rehabilitation sessions

The rehabilitation protocols detailed in the analyzed stud-
ies showcase a diverse range of approaches, each tailored
to enhance post-stroke recovery through the reorganiza-
tion of muscle synergies. In the study by Pierella et al.,
participants engaged in a 3D point-to-point reaching task
for 30 minutes per session, three times a week over four
weeks, totaling 12 sessions.52 Belfatto et al. employed
the robotic arm for executing 3D point-to-point reaching
and hand-to-mouth movements. The therapy consisted of
12 sessions of robot-assisted movements (3 sessions per
week), each one lasting 40 minutes.5* Tropea et al. imple-
mented a protocol where patients performed movements
in the eight cardinal directions, with each session lasting
45 minutes, five times a week for six weeks, resulting in
30 sessions.5> Scotto di Luzio et al. focused on hand reha-
bilitation, where patients performed four different grasps
with a robotic glove, aiming to grab and hold objects like
a can, pencil, sheet, and tennis ball for ten seconds, with a
rest period of at least ten seconds between attempts.53 This
protocol was conducted five times a week for four weeks,
totaling 20 sessions. Lencioni et al. explored the effects
of robot-assisted versus usual care rehabilitation, where
participants in the robot group controlled the position of
an end-effector in planar movements, guiding their paretic
limb back and forth from a central position to five random
targets on a circumference.® This was done for 45 minutes
per session, five times a week over four weeks, amount-
ing to 20 sessions. Lastly, Irastorza-Landa et al. utilized
a BMI controlled robot for hand and arm rehabilitation,
where patients controlled a hand orthosis for finger flexion
and extension and an arm orthosis for elbow movements.5¢
This intensive therapy was combined with 1 hour of con-
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ventional physiotherapy, with daily sessions lasting one
hour, for a total of 17+1.8 days. Some patients additionally
received arm-BMI training for 5.11+4.27 sessions.

Protocols for synergy extraction

The movements performed for synergy extraction in these
studies varied, from different types of reaching to hand
tasks. In Pierella et al., patients navigated a 3D spheri-
cal workspace with the device, aiming to reach as many
of the 18 targets as possible within 30 minutes.>2 Scotto
di Luzio et al. recorded EMG data during 10 seconds of
grasp and hold task using different objects in front of a
screen that showed the task to perform.53 Tropea et al. de-
veloped a platform where patients executed reaching tasks
in 8 cardinal directions on a horizontal plane in one ses-
sion, contrasting with healthy participants who engaged in
five sessions at distinct cadences.>S Belfatto et al. focused
on the forward phases of bringing the hand towards the
mouth moving a robotic handle through a predetermined
trajectory without assistance.>* Lencioni et al. used two
3D motor tasks, the transport and placing task, to assess
upper limb performance of both proximal and distal dis-
tricts.54 Irastorza et al. involved 40-60 free bilateral move-
ments across five directions in front of a screen following
auditory and visual cues.5¢ The tasks were performed with
both limbs in three studies.53: 56. 60 The baseline postures
for the first six studies involved subjects seated in various
configurations to perform specific tasks. In Pierella ef al.,
subjects were seated with the upper body and arm posi-
tioned by an exoskeleton with the elbow bent.52 Scotto di
Luzio et al. required subjects to sit, elbows bent at 90 de-
grees, forearms horizontal, and wrists neutral.53 Similarly,
Tropea et al. had subjects seated, facing a monitor, with
shoulders slightly abducted, elbows bent at 90 degrees,
and forearms supported horizontally.55 Belfatto ef al. de-
scribed subjects in a seated position with relaxed, slightly
abducted shoulders, extended elbows, and neutral wrists
grasping a robotic arm.5 Irastorza-Landa et al. involved
subjects seated with hands resting on their laps, perform-
ing bilateral upper limb movements.5¢ Lencioni et al. posi-
tioned subjects seated with their elbows at 90 degrees and
hands initially on their thighs for the object placing task.¢0
For the pronation task, subjects were positioned with their
elbows at 90 degrees, wrists fully supinated, and shoulders
laterally rotated so that the forearms were approximately
45 degrees relative to the thighs. In both tasks, subjects
grasped a VRRS electromagnetic sensor.o0

The number of muscles examined ranging from 6 to 16
depending on the task. Scotto di Luzio et al. focused on
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6 hand and finger muscles essential for grasping and ma-
nipulation tasks.53 Tropea et al. studied 10 key muscles for
shoulder and elbow movements during reaching tasks.>s
Belfatto et al. examined 8 muscles involved in shoulder
and elbow motions.>* Irastorza-Landa et al. analyzed 11
muscles: essential for shoulder, elbow, wrist, and hand
movements.5¢ Pierella et al. analyzed 15 muscles involved
in shoulder, elbow, and forearm movements.52 Lencioni et
al. studied 16 muscles, which are key muscles for shoul-
der, elbow, and forearm movements.®0¢ Common muscles
across studies included upper trapezius, anterior deltoid,
middle deltoid, posterior deltoid, pectoralis major, biceps
brachii, brachioradialis and triceps brachii. In addition
pectoralis minor, infraspinatus, thomboid major, brachia-
lis, pronator teres, and supinator were also examined. Only
Scotto di Luzio et al. involved flexor and extensor digito-
rum superficialis, flexor and abductor pollicis brevis, ab-
ductor and extensor digiti minimi.53

Algorithms for synergy extraction

In the analysis of muscle synergies from EMG data, Non-
NMF emerged as the predominant algorithm, employed
in five studies. Specifically, Pierella et al. utilized NMF,
setting a VAF threshold of 95% to ensure a high fidelity
in synergy extraction.5? Similarly, Irastorza-Landa et al.
applied NMF with the same VAF threshold of 95% in their
study.>¢ Scotto di Luzio et al. and Lencioni et al. both em-
ployed NMF but opted for an R2 value of 80% and 90%
respectively, to assess the goodness of fit in their studies
on hand muscle synergies and upper limb muscle syner-
gies.’3: 00 In contrast, Tropea et al. used FA with criteria
based on eigenvalue greater than 1 and a cumulative vari-
ance slope below 75% of the shuffled dataset.55 Belfatto
et al. also used NMF and VAF to explain at least 80% of
the variance to evaluate synergies.54 The studies employed
various methods for similarity analysis to evaluate muscle
synergies. Pierella et al. assessed synergy similarity using
the scalar product between synergies from patients and
healthy subjects.52 Scotto di Luzio et al. compared syn-
ergies within the same patient across different conditions
using Cosine Similarity (CS) and a Similarity Index (SI).53
Tropea et al. measured similarity using the scalar product
normalized to the Euclidean norm for both intra-group and
inter-group comparisons, and Pearson correlation coeffi-
cients for comparing temporal components.55 Belfatto et
al. used scalar products to compare spatial components of
synergies and Pearson’s correlation coefficient to compare
temporal components before and after rehabilitation.54
Nerea Irastorza-Landa er al. employed the Functional
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Synergy Recruitment Index (FSRI) and indexes for pres-
ervation, merging, and fractionation of synergies between
paretic and healthy limbs to assess similarity.>¢ Lencioni et
al. conducted synergy comparisons using module similar-
ity (scalar product) and activation profile similarity (Pear-
son’s correlation coefficient).60

Variation of the number of synergies in longitudinal treat-
ments

Three studies examined the impact of robotic treatment on
the number of muscle synergies.52. 56, 60

Pierella et al. observed an increase in the number of
muscle synergies over time in subacute stroke patients,52
whereas Lencioni ef al. found no significant changes com-
pared to healthy controls.®0 Irastorza et al. observed no sig-
nificant changes in preservation, merging and fractionation
indexes post-therapy. Three studies used a pre-determined
number of synergies for their analysis.53-55 Tropea et al.
used four synergies for all subjects, stating that this num-
ber was chosen as it was the minimum number of syner-
gies able to account for at least 70% of the variance of the
original EMG dataset in all subjects.>5 Scotto di Luzio et
al. set the number of synergies to three for all subjects and
conditions, based on preliminary tests showing that three
synergies could explain at least equal to 80% of the R? in
all subjects.>3 Belfatto ef al. used two synergies for all sub-
jects, explaining at least 80% of the variance of the signal.>4

Variation of synergies structure in longitudinal treatments

Scotto di Luzio et al. found that muscle patterns in the
injured limb of chronic stroke patients became more simi-
lar to those in the healthy limb after the intervention.53
Similar findings were also described in subacute stroke
patients compared to healthy controls following robotic
intervention.52 Lencioni et al. observed that robot-assisted
therapy significantly impacted muscle weighting in one
of two synergies during an object placing task and robot-
assisted and usual care intervention induced changes in
both synergies in forearm pronation tasks.6® Conversely,
Belfatto et al. observed that the robot training focused on
hand-to-mouth movements did not produce any notice-
able changes between pre and post-treatment evaluations
in chronic stroke patients.>* Tropea et al. found that the
robot-assisted training did not significantly affect similar-
ity between healthy subjects and subacute stroke patients
but restored intra-group similarity.55 Irastorza et al. found
no significant difference in synergy structure between
pre and post-treatment evaluations for healthy or paretic
limbs.56
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Variation of temporal coefficients in longitudinal treatments

Three studies addressed the temporal component analysis
of muscle synergies. Tropea et al. observed that subacute
stroke patients undergoing robot-assisted therapy exhib-
ited more consistent activation patterns, aligning more
closely with those observed in healthy individuals.>5 Bel-
fatto et al. observed that after robotic therapy, the tempo-
ral components of muscle synergies in post-stroke patients
exhibited varying degrees of correlation.>* Specifically,
while some patients showed positive correlations, indicat-
ing consistent synergy activation patterns before and after
the intervention, others demonstrated negative correla-
tions, suggesting a divergence in the temporal activation
of synergies post-therapy. Lencioni et al. observed that ro-
botic treatment significantly affected the temporal profile
of one muscle synergy in post-stroke patients during an
object-placing task, leading to an activation pattern that re-
sembled those of healthy controls. However, both robotic
and usual care interventions were found to alter the tem-
poral profiles of muscle synergies during a forearm prona-
tion task in a way that deviated further from the normative
patterns, that authors considered as a negative effect on
these specific muscle synergy activations.®0 Irastorza et al.
found differences only in temporal activations measured
with functional synergy recruitment index.56

Clinical and instrumental findings

Pierella et al. found significant improvements in FMA-UL
scores and grip strength across all assessments.>2 Scotto di
Luzio et al. reported that all patients showed a significant
increase in the FMA-UL and Motor Power (MP) scores.59
Tropea et al. observed an average improvement in FMA-
UL score of 72.8% between baseline and mid-training as-
sessments. Patients also showed an improvement in the
Motricity Index.55 No significant change was found in the
MAS score. Belfatto et al. found no significant improve-
ment in FMA-UL and WMFT scores.>* Irastorza-Landa et
al. reported significant improvement in the combined and
upper-arm subsections of the modified FMA.5¢ The hand/
finger subsection showed a non-significant increase.56
No significant reduction was found in the level of spas-
ticity measured by MAS post-intervention.5¢ Lencioni et
al. found non-significant improvement in motor ability as
measured by FMA-UL score in both the robot-assisted and
usual care groups.®0

Four studies incorporated kinematics to evaluate mo-
tor performance during specific tasks.52. 54, 55,60 Belfatto et
al. and Lencioni et al. utilized optoelectronic systems, to
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track movements.54 60 Belfatto et a/. examined the forward
phase duration and specific joint angles, including those of
the shoulder and elbow,35 while Lencioni et al. focused es-
pecially on articular angles such as elbow extension, wrist
pronation, and others. Two studies derived their kinematic
data from the devices themselves. such as mean tangen-
tial velocity, movement accuracy smoothness,>2 number of
peaks, movement smoothness, and hand path error.55

Lencioni et al. reported that the robot-assisted group
showed better elbow extension and trunk movement in
an object-placing task and in wrist pronation compared
to the usual care group.®® Furthermore, the robot-assisted
group had fewer smooth movements compared to usual-
care group, which was associated with better performance.
The usual care group exhibited shoulder angles during the
forearm pronation task that were closer to those observed
in healthy adults.¢® In their study, Lencioni et al. observed
that kinematic improvements in the robot-assisted group
were associated with changes in the activation profile of
muscle synergies. This was evidenced by a significant in-
crease in the similarity of muscle weightings and activa-
tion profiles of synergy 2 of object placing task compared
to the usual care group, suggesting that the kinematic
improvements were directly linked to these alterations in
the activation profile. Pierella and Belfatto found patients’
movement increased in speed and smoothness with a re-
duction of jerkiness and robotic assistance, although some
variability among patients was found.52. 54

Two studies, also employed EEG to explore cortical ac-
tivations and movement abnormalities during motor tasks.
Belfatto showed that alterations in EEG-based parameters
reflect alterations in muscle synergies structure, while ki-
nematics showed only partial coherency with muscle syn-
ergies.> Pierella in their multimodal analysis found corre-
lations among EEG, kinematics and muscle synergies and
clinical scales.52

Non-robotic studies
Enrolled patients and volunteers

The eight selected studies covered a diverse range of patient
demographics and stroke characteristics.57-59, 61-64, 68 Simi-
lar to what was observed in robotic studies, authors have
utilized varying subsets of the FMA domains to calculate
the final score. The FMA-UL comprises 33 items for motor
function (section A-D) for a cumulative score range from 0
to 66. Sensation (total score 12), passive joint motion (to-
tal score 24) and joint pain (total score 24) are considered
separately. Only Maistrello et al. evaluated 50 subacute and
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chronic patients with a Fugl Meyer score of 117.20+£24.57
at the baseline,® suggesting that the authors may have used
a modified or extended version of the Fugl-Meyer scale
that includes additional items, or they have combined the
upper and lower extremities scores for a total Fugl-Meyer
score. Niu ef al. studied six patients, five in the subacute
and one in the chronic stage of stroke.57 At baseline, their
motor impairment was described as a FMA-UL score rang-
ing from 15-28.57 In their subsequent study, the group ex-
amined 16 ischemic stroke patients in both subacute and
chronic phases, with most having left-side impairment
ranging from low to severe.2 Hesam Shariati et al. studied
24 chronic ischemic and hemorrhagic stroke patients with
mainly non-dominant side impairment, assessing baseline
with FMA-UL scores averaging 46.7+3.6.93 Seo et al. ex-
amined 32 chronic patients with moderate to severe left-
side upper limb impairment, scoring 8-40 on FMA-UL.64
Alnajjar et al. focused on 9 healthy and 10 subacute stroke
patients.5® Their motor impairment was evaluated using the
Stroke Impairment Assessment Set (SIAS) — knee-mouth
task, scoring between 2-4 out of 5. Zendehbad et al. consid-
ered both 12 healthy and 24 subacute stroke patients, most-
ly with right-side impairment and an average FMA-UL of
21.66+7.37.6! Dash et al. included 8 healthy and 12 chronic
stroke patients, focusing solely on residual grip function
without detailing upper limb impairment.68

Types of intervention

Two studies used synergy-based functional electrical
stimulation (FES).57. 62 FES involves applying electrical
currents to stimulate muscles and facilitate motor tasks.
Additionally, three studies utilized VR (VRRS®, Khyme-
ia Group Ltd., Noventa Padovana, Italy;58 a VR-enabled
sEMG-triggered grip exercise platform, Gripx system;®8
Nintendo Wii, Nintendo, Japan®3), one study used a myo-
electric computer interface (Myo-CI) which involved a
game developed in Python that interfaced with custom
C++ software to acquire the EMGs (Trigno, Delsys, Inc.)
from the targeted muscles.®4 Alnajjar et al.’s study exclu-
sively utilized conventional therapy.5® Meanwhile, in the
research conducted by Zendehbad et al., a specific data
collection device (Thought technology. Montreal, Cana-
da) for a synergy-based visual biofeedback training was
used.o!

Protocols for rehabilitation sessions

These studies explored various rehabilitation protocols
aimed at improving motor function in stroke patients.
Niu et al. conducted two experiments to examine syner-
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gy-based FES effects stroke patients’ upper limb move-
ments.57 The movement task was to extend the upper limb
away from the trunk on a horizontal surface, reaching
movements of 36 cm in forward direction or 48 cm in lat-
eral direction. In Experiment 1, the participants performed
30 to 50 trials of forward and lateral reaching movements
with FES assistance. In Experiment 2, the participants re-
ceived daily FES interventions for five consecutive days
along with conventional physical therapy.>’ In their in-
novative approach to post-stroke rehabilitation, Hesam-
Shariati et al. employed Wii-based games designed to
encourage the use of the more affected upper limb in a
largely unconstrained movement environment. The thera-
py protocol involved 1-hour sessions over 10 consecutive
weekdays, augmented by prescribed home practice.3 Seo
et al. explored the use of a myoelectric computer interface
(MyoClI) training protocol to address abnormal muscle
co-activation in chronic stroke survivors.4 The EMG sig-
nals from specific arm muscle pairs were used to control
a cursor in a custom-designed computer game, thereby re-
ducing abnormal co-activation by training participants to
activate each muscle within the pair separately. The train-
ing was structured into three groups: one group trained
isometrically for 60 minutes, another isometrically for 90
minutes, and a third group trained for 90 minutes with un-
restricted limb movement. Maistrello et al. and Dash et
al. involved patients performing specific sets of exercises
during rehabilitation sessions, such as shoulder flexion, in-
ternal-external rotation, and hand-digit motion. Maistrello
et al. conducted 20 sessions of 1 hour each, five sessions
per week, for 4 weeks total.58 Dash et al. also incorporated
sEMG-based biofeedback (6-7 weeks with 2-3 sessions/
week) to improve training efficacy.®8 Alnajjar et al. used a
regular rehabilitation program, although the specifics were
not described.5?

Protocols for synergy extraction

Niu et al. in both of their studies involved reaching move-
ments, with upper limb extensions away from the trunk on
a horizontal surface. Participants were instructed to prac-
tice each movement 20-40 times before the experiment
until they could comfortably accomplish the task.57. 62 In
Hesam Shariati et al. the EMG of each muscle was av-
eraged over 10 consecutive Wii-baseball swings for each
patient,63 while Maistrello ef al. used a VR rehabilitation
system with unspecified motor tasks in a virtual environ-
ment.>® Dash et al. involved grasping and lifting a glass
and moving it to another position while keeping the elbow
resting on the armrest.®8 Seo et al. focused on reaching
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to six targets placed at different heights, while Alnajjar et
al. involved a simple bimanual shoulder flexion task with
a set of 10 to 15 trials for each session.3% ¢4 Zendehbad
et al. had participants sit on a chair, executing shoulder
movements with internal and external rotations.®! In these
studies, the baseline postures also involved subjects seated
in various configurations. Niu et al. had subjects seated
with the shoulder in a neutral to slightly abducted position,
elbow flexed at 90 degrees, and wrist in a neutral posi-
tion.57.62 Hesam Shariati ef al. involved therapy performed
standing whenever possible, with some patients starting
seated if necessary, ensuring time spent standing was pro-
gressively increased.63 Dash ef al. had subjects seated up-
right with upper arms hanging vertically, elbows bent at 90
degrees, forearms horizontal, and wrists neutral.®8 Seo et
al. involved subjects seated upright with a slight shoulder
elevation, elbow bent at 90 degrees, and forearm extended
forward horizontally.®4 Alnajarr et al. had subjects seated
with the shoulder abducted at 90 degrees, elbow extended,
and forearm in a neutral position while holding a robotic
manipulandum.’® Zendehbad et al. involved subjects seat-
ed with shoulders flexed forward, elbows extended, fore-
arms parallel to the ground or slightly sloping downward,
and wrists in a neutral position.¢! Maistrello et al. did not
specify a baseline posture.58

The studies examined 4 to 16 muscles, focusing primar-
ily on key muscles of the shoulder (e.g., deltoids, trape-
zius, pectoralis major),57-59 61,62, 64 ypper arm (e.g., biceps
brachii, triceps brachii, brachialis),57-59. 62-64 forearm (e.g.,
brachioradialis, pronator teres, supinator, wrist flexors and
extensors)38. 63.68 and fingers (e.g. finger flexors and exten-
sors).%8 Niu ef al. analyzed 7 muscles.57- 62 Hesam Shariati
et al. studied 6 muscles.®3 Maistrello et al. examined 16
muscles.58 Dash et al. and Zendehbad et al. analyzed 4
muscles.6l 68 Seo et al. studied 8 muscles.®4 Alnajarr et al.
examined 5 muscles.>®

Algorithms of synergies extractions

The methods for selecting the optimal number of synergies
and their weighting varied across studies. Hesam Shariati
et al. used NMF with a VAF threshold of 97%.93 Alnajarr
etal., Seo et al. and Maistrello et al. used NMF with a VAF
threshold of 90%.58.59. 64 Zendehbad et al. used Hierarchi-
cal Alternating Least Squares (HALS) with an R2 thresh-
old of 0.9.6! Niu et al. used NMF with a VAF threshold,
but the specific threshold value was not reported.57.62 Dash
et al. did not report further details.%® The studies employed
various similarity methods to analyze muscle synergies.
Niu et al. in their studies used similarity of synergy vec-
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tors (SV), similarity of time profiles (ST), and a combined
similarity index (SCOM) to evaluate changes before and
after treatment.57. 62 Hesam Shariati et al. utilized the sca-
lar product of synergy timing profiles to compare patients
with similar motor functions.®3 Maistrello et al. assessed
similarity through the number of synergies in affected and
unaffected limbs, scalar products between synergies, and
median scalar products, along with the mean number of
unaffected synergies merging into each affected synergy.58
Dash et al. computed the Synergy Stability Index (SSI) to
assess the consistency of synergies before and after train-
ing.® Seo et al. computed the disparity index to compare
synergy weights before and after training.%* Alnajarr et al.
and Zendehbad et al. did not specify additional similarity
methods.59 61

Variation of the number of synergies in longitudinal treat-
ments

These studies found no significant post-intervention
changes in the number of muscle synergies. Only Hesam
Sheriati et al. noted a non-significant increase for patients
with low to moderate motor function.63

Variation of synergies structure in longitudinal treatments

The examined papers reported changes in muscle syn-
ergy composition post-treatment. Among these studies,
similarity parameters were frequently employed to mea-
sure changes. Seo et al., utilizing the “Disparity Index”,
identified notable intra-individual changes in the number
and composition of synergies in chronic stroke patients,
without discerning a general trend in these parameters.®4
The Disparity Index increased after the training in the par-
ticipants who responded to Myo-CI training. This trend
was not observed in participants who did not respond to
the training. Dash et al. reported a significant increase
in SSI during a glass-lifting task, although the specific
components constituting these muscle synergies were not
detailed.o8 Maistrello et al. focused on the median of the
scalar product between the affected and unaffected upper
limb (Median-sp) with no significant change after the in-
tervention.58

Variation of temporal coefficients in longitudinal treatments

In both studies, Niu et al. analyzed temporal compo-
nents.57- 62 They observed significant time profile changes
in all three muscle synergies post-FES in both subacute
and chronic patients during forward and lateral reaching.
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Hesam Sheriati et al. measured temporal components
solely to distinguish motor function levels, without report-
ing post-treatment changes.®3 Other papers did not provide
temporal coefficient variations.

Clinical outcomes and correlated findings

Most studies indicated clinical improvement following
interventions. In Niu et al., it was revealed that 5-day of
synergy-based FES. FMA-UL increased for all three pa-
tients (an increase of 6, 8, and 3 points respectively).57
The same group in 2022 demonstrated that after a five-
day intervention of synergy-based FES, FMA-UL scores
increased significantly by 6.67+£5.20 points in the FES
group compared to a 2.004+2.38 point increase in the Sham
group.62 Hesam Shariati et a/. indicated improvement for
WMEFT timed tasks (WMFT-tt), FMA, and Motor Activity
Log Quality of movement (MALQOM) over time.®3 Clini-
cal assessments and game performance demonstrated im-
proved motor function for all patients at post-therapy, and
these improvements were sustained at 6-month follow-up.
Ashworth scores at the wrist, elbow, or shoulder did not
change post-therapy. Maistrello et al. found that the FMA
score improved by 6%, and the RPS score by 4%. A signif-
icant rise in FMA-UL scores from baseline was recorded
at the 6-week checkpoint in Seo et al. study.®* Zendehbad
et al. reported a statistically significant increase in both
groups in terms of the FMA-UL, National Institutes of
Health Stroke Scale (NIHSS) and Modified Rankin Scale
(MRS) score. In contrast, Alnajjar et al. did not find sig-
nificant motor function improvements using the SIAS.5
Dash et al. observed improved grip strength and pinch
force in stroke patients using a dynamometer.68

Maistrello et al. identified significant correlations be-
tween certain clinical scales and post-treatment muscle
synergy parameters.58 Specifically, the Modified Ashworth
Scale (MAS) was correlated with the number of affected
synergies. Both the FMA-UL and the RPS were correlated
with the percentage of synergies shared in the affected arm
(Nsh-naff) and Median-sp.

Niu et al. investigated kinematics and joint angle tra-
jectories to assess motor recovery after stroke resulting
in an increased peak velocity in reaching movement after
FES treatment.57- 62 They reported a correlation between
changes of elbow flexion and the changes of synergy simi-
larity, but only in the FES group. The data for the popula-
tion of Seo et al. study derived from previous published
data showed improvement in the range of motion of the
elbow.66
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Discussion

This scoping review examines robotic and non-robotic
treatments’ impact on upper limb muscle synergies in
stroke patients. The following sections will provide a
critical analysis of the review’s findings, elucidating the
significance and implications of muscle synergies in the
interventional studies for stroke rehabilitation. While our
emphasis has been on robotic studies, we also considered
non-robotic treatments to provide a comprehensive per-
spective.

Muscle synergies in robotic stroke rehabilitation

Over the years, many devices have been developed and
tested for upper limb rehabilitation, ranging from simple
mechanical aids to sophisticated robotic systems. In the
literature, more than a hundred devices have been de-
scribed for upper limb rehabilitation.®® While the studies
showed promising results in terms of the potential benefits
of technology-aided rehabilitation,”0 it is still unclear how
long these benefits last and how they translate to functional
improvements in daily life,”! and what neural mechanisms
are associated to motor recovery. Within this context, mus-
cle synergies present a promising avenue.

ENROLLED PATIENTS AND VOLUNTEERS

Significant patient heterogeneity was found in the included
studies. In fact, there was no uniformity in the stroke stage,
stroke type, and paretic side among the patients included.
Additionally, the sample size in some studies was typical
of pilot studies and not sufficient for strong statistical evi-
dence, and the population in terms of motor impairment,
affected side, and type of lesion was not precisely defined
or characterized.

The studies included focused on subacute stroke pa-
tients and chronic stroke patients. The period following
a stroke is categorized into distinct phases based on the
understanding that recovery processes after a stroke are
time-sensitive.” Although there is some variability and
the process is complex and non-linear, typically, recovery
peaks are reached in the first weeks and approach a plateau
after three months.”® By six months, the deficit is essen-
tially constant, but patients can still experience gains with
specific training or therapies.’ It is crucial to account for
the “time after event” variable to ensure that the findings
are not only accurate but also related to the specific stage
of recovery, thereby allowing for more tailored and effec-
tive therapeutic strategies.

The level of motor impairment is another key parameter
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influencing study outcomes. Motor impairment can vary
widely among stroke survivors, ranging from mild deficits
to severe. This variability in motor function can impact
the trajectory of recovery and the response to therapeutic
interventions.3® The heterogeneity in motor impairment in
the reviewed studies could potentially influence the inter-
pretation of functional outcomes following rehabilitation
interventions. Furthermore, the degree of motor impair-
ment could influence the number of muscle synergies that
can be identified in a patient.63 This might be due to the
loss of independent control of muscles, leading to a dif-
ferent organization of the muscle coordination patterns.35
According to Tropea et al., the improvements of motor
performance across patients occur in accordance with their
own clinical picture, which is characterized by great inter-
subject variability.55 This variability is due to the different
recovering mechanisms resulting from the heterogeneity
of sides, location and dimension of the brain lesion. There-
fore, the authors suggest that a greater number of partici-
pants can provide further evidence for this result and that
all meaningful data are reported.5> Additionally, the au-
thors recommend that the analysis of the correlation be-
tween motor outcome and muscle synergies should be car-
ried out for each individual patient in order to avoid bias
due to the inherent inter-patient’s variability.55 Lencioni et
al. also acknowledge the issue of inter-subject variability
resulting from the heterogeneity of stroke pathogenesis,
which could involve different mechanisms of recovery.®0
To address this challenge, the study employed a prospec-
tive, randomized, multicentric, and single-blinded trial de-
sign, which helped minimize bias and manage the variabil-
ity among post-stroke subjects. By adopting a prospective
approach ensuring consistency in how the interventions
were administered and outcomes measured. Randomiza-
tion ensured that both treatment groups were balanced in
terms of participant characteristics, neutralizing potential
confounding factors. The multicentric nature of the study
increased the sample size and provided a diverse patient
pool, which improved the generalizability of the results.
Finally, the single-blinded design reduces observation
bias. Together, these design elements helped manage the
heterogeneity among the subjects.

Three of the reviewed studies incorporated healthy con-
trol groups, while three studies utilized only the ipsilesion-
al limb as a control.52 55,60 However, the use of the ipsile-
sional upper limb as a control group in the investigation of
muscle synergies post-stroke has been questioned as the
ipsilesional upper limb may exhibit altered motor patterns
due to compensatory mechanisms engaged by the remain-
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ing motor functions.®®© Consequently, these patterns may
not always reflect the motor performance of a healthy indi-
vidual. Furthermore, the authors discussed the importance
of considering the bilateral hemispheric control of the dis-
tal upper limb when planning rehabilitation strategies.¢0
This is crucial as the ipsilesional upper limb may also be
affected by the stroke.’s Therefore, using the ipsilesional
upper limb as a control may not provide a precise com-
parison of motor performance as the comparison between
stroke and healthy individuals. This highlights the need for
careful selection of control groups in studies investigating
muscle synergies post-stroke. Together, these factors em-
phasize the need for careful consideration in interpreting
and comparing findings across different studies, ensuring
that all patients characteristics are considered.

TYPES OF INTERVENTIONS

The studies included employed a range of robotic devices,
each with its unique design and purpose. These devices
target motor tasks associated with the upper limb, encom-
passing the shoulder, elbow, wrist, and hand. The ALEx
RS52 and Mitsubishi Pa 10-754 stand out for their ability
to facilitate 3D upper limb movements, offering a more
comprehensive range of motion. In contrast, devices like
the InMotion255 are specialized for specific tasks, such as
horizontal plane reaching, while the Gloreha Sinfonia> is
designed for hand-specific tasks like grasping and pinch-
ing. Morasso et al. emphasized that effective rehabilita-
tion robots should have haptic properties and an adap-
tive, assist-as-needed approach.’¢ They also highlighted
the importance of a high mechanical compliance, and the
need for having a robot with low-stiffness control.”® They
proposed a framework for addressing optimal assistance
and learning paradigms without eliminating kinematic er-
rors during the treatment.’¢ Indeed, error-based learning
is a critical component of motor learning, particularly
within the context of neurorehabilitation.”” This form of
learning arises from the active engagement of the patient
and the ability to adjust motor strategies based on experi-
enced errors.”8 It has been suggested that such error expe-
riences provide essential information that aid in refining
subsequent movements.” This concept is encapsulated
in the “guidance hypothesis” in motor learning, which
proposes that over-guidance during the learning process
can hinder motor learning, as it reduces the learner’s ac-
tive problem-solving involvement.80 Research by Milot et
al.81 and Marchal-Crespo et al.82 supports this idea, with
their findings indicating that in robot-assisted rehabilita-
tion, a balance between providing sufficient support for
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task completion, without overshadowing the patient’s
active engagement and error-based learning, is essential
for improved motor learning outcomes. In the context of
muscle synergies, this aspect has been partially explored.
Cancrini et al. conducted a comprehensive study on the
effects of robotic assistance on upper limb spatial muscle
synergies in healthy individuals during planar upper limb
training exploring the guidelines and modes of assistance
for robotic treatment in rehabilitation.®3 In this context,
the “standard assistance paradigm” refers to a force tun-
nel assistance approach, where the robot provides dynamic
support along a predefined trajectory, offering corrective
forces only when the user deviates from the path. This
method is designed to minimally interfere with the natural
movement, thereby preserving the number and structure of
involved muscle synergies.83 Thus, the authors favored the
use of robotic assistance paradigms in rehabilitation, but
also emphasized the need for further scientific investiga-
tion into the impact of robot assistance on motor control.83
Additionally, Jarrassé et al. emphasized the importance of
device transparency, the ability of a robotic device to fol-
low human movements without applying any noticeable
resistance or force advocating for robot intervention only
when necessary to ensure correct motion and prevent frus-
tration.84 Lack of detailed information on the mode of as-
sistance underscores the necessity for thorough reporting
in future research.

PROTOCOLS FOR REHABILITATION SESSIONS

The reviewed studies showcased a diverse range of in-
tervention protocols in terms of duration, frequency, and
intensity, reflecting the multifaceted nature of robotic-
assisted rehabilitation. Most interventions were structured
around three to five sessions weekly (4.33+0.94), each
lasting between 30 minutes to an hour (44.0+9.7) culmi-
nating in a total of 12 to 30 sessions (18.5+6.5) over a span
of three to six weeks (4.33 £0.75). This observed variabili-
ty in robotic-assisted stroke rehabilitation protocols across
studies can be attributed to the absence of universally ac-
cepted and standardized guidelines governing the applica-
tion of robotic interventions in post-stroke care.ss

Central to all robotic rehabilitation approaches is the
objective of enhancing motor capabilities in stroke sur-
vivors via consistent, methodical exercises.8¢ A key fea-
ture of these interventions is movement variability, where
patients are exposed to diverse and challenging motions
using robotic devices to enhance recovery. This variabil-
ity helps restore generalized motor programs, leading to
a partial recovery of normal muscle synergies or more ef-
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ficient use of remaining ones.!? Incorporating variability,
is crucial when applying synergistic approaches in robotic
rehabilitation.8” Reviewed studies have demonstrated the
benefits of incorporating movement variability in robotic
rehabilitation. Tropea et al. asked patients to move a han-
dle in eight directions, requiring different reaching move-
ments.55 Lencioni et al. focused on planar motion using
point-to-point reaching tasks, where patients had to move
a handle or end-effector to reach random targets on a cir-
cumference.®© Whilst multi-directional planar setups can
be effective in detecting synergy modulations across vari-
ous directions, they may not fully encompass the clinical
implications for patients, given that these setups many not
consider the limb’s elevation against gravity and the coor-
dination required for 3D tasks.88 For instance, Pierella et
al. used an upper limb exoskeleton to guide patients in a
3D point-to-point reaching task, where they had to move
between targets with visual feedback and assistance.52 Ac-
cordingly, Belfatto et al. used an end-effector device for
3D point-to-point reaching task.54 The importance of 3D
movements in assessing and rehabilitating motor control
cannot be overstated, as they offer a more thorough depic-
tion of the human body’s natural and functional range of
motion.s?

Future work could improve muscle synergy analysis by
maintaining motor variability and incorporating 3D move-
ments.87 While current rehabilitation protocols often focus
on simple and repetitive movements in one plane, intro-
ducing more complex and multi-planar movements can
help to better represent the natural variability of human
motion®® and to stimulate neuroplasticity and motor learn-
ing.9!

PROTOCOLS FOR SYNERGY EXTRACTION

In robotic-assisted rehabilitation and muscle synergy anal-
ysis, movement types and extraction methodologies are
crucial. The examination of synergy extraction protocols
reveals a diverse range of methodologies employed across
various studies, with the types of movements performed
and the number of muscles examined varying significant-
ly. On the positive side, the broad array of tasks, ranging
from different types of reaching to hand manipulation,
ensures a comprehensive analysis of muscle synergies, as
shown in recent comprehensive spatial mappings of mus-
cle synergies in highly variable upper limb movements of
healthy subjects.87 Moreover, the flexibility in the num-
ber of muscles examined allows researchers to tailor their
studies based on the specific research question, available
resources, and the population under investigation.
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Distinguishing muscle synergies in device-assisted and
free movements is essential for understanding real-world
motor behavior. Device-assisted tasks provide the preci-
sion and control needed for targeted rehabilitative strate-
gies, while free movements contribute to ecological valid-
ity. Ideally, a comprehensive evaluation would incorporate
both types of movements to fully capture the complexity
and adaptability of muscle synergies. Furthermore, tasks
involving bilateral movements of the upper limbs5¢ can
shed light on the interplay between the affected and unaf-
fected limbs. Such tasks can also help in assessing how
muscle synergies adapt or compensate when both limbs
are engaged, which is crucial for tasks requiring bimanual
coordination control.9 A point to provide reliable muscle
synergies extraction relies on sources of variability within
the same session and across sessions and subjects. A re-
cent study explored the variability of muscle synergies in
hand grasps, focusing on inter-session and intra-session
variability.” The researchers found that both types of vari-
ability significantly impact the stability and composition
of muscle synergies. Inter-session variability, influenced
by factors such as natural movement variability and dif-
ferences in electrode positioning, can lead to considerable
variation in muscle synergy composition between acquisi-
tion sessions. Intra-session variability, on the other hand,
refers to trial-by-trial variability within the same session
due to lower repeatability and larger heterogeneity in the
movements of neurological patients compared to healthy
individuals.” Understanding variability is key for reliable
synergy assessments and insights into muscle control and
recovery mechanisms. To reduce variability in synergy-
based assessments, several strategies can be implemented.
Firstly, ensuring standardized electrode positioning is cru-
cial for consistent and accurate placement of EMG elec-
trodes across different acquisition sessions. Secondly, pro-
viding subjects with thorough training and familiarization
with the experimental tasks can decrease natural variability
in performed movements. Furthermore, maintaining a con-
sistent baseline posture across sessions is essential for re-
ducing variability in muscle synergy extraction. A standard-
ized posture minimizes the effects of postural differences
on muscle activation patterns, ensuring that any observed
changes in synergies are due to the tasks or interventions
rather than initial positioning. Additionally, careful session
scheduling, considering factors such as fatigue and time
of day, can help minimize variability by ensuring subjects
are in a similar physiological state during each session. Fa-
tigue can be a confounding factor that affects the reliabil-
ity of muscle synergy data. To address this issue, a recent
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study used electromyogram-based indicators to adapt the
task difficulty in robot-mediated upper limb training based
on muscle fatigue.% The authors proposed an algorithm
that automatically detects fatigue based on EMG features,
and changed the task difficulty to help participants avoid or
delay fatigue. Lastly, employing robust synergy extraction
algorithms that can handle variations in muscle activation
patterns and adapt to different levels of variability across
sessions is essential. Moreover, the diversity in tasks adds a
layer of complexity to data analysis and interpretation. One
variable that requires careful consideration is the number
of repetitions in the choice of the right protocol. A mini-
mum number of repetitions for the acquisition and extrac-
tion of muscle synergies is essential to guarantee a correct
mathematical model. Future research should address both
task-specific muscle synergies and adaptable training pro-
tocols, considering fatigue and repetition count.

ALGORITHMS FOR SYNERGIES EXTRACTION

As a mathematical model, muscle synergy analysis in-
volves numerous parameters that may influence the out-
comes and interpretation of results. It provides several
opportunities of interpretation of the data, but this com-
plexity can pose challenges when attempting to replicate
analyses across different research groups.!2 In robotic
studies, NMF is the most widely used method for ex-
tracting synergies from EMG data, with only one study
from those selected in this scoping review, employing
Factor analysis instead.5> Many models have been pro-
posed in the literature to extract synergies, but most of
them have not been exploited in this context. Some ex-
amples of mostly unused algorithms include the temporal
model with NMF9 the spatiotemporal synergies,!* mixed
matrix factorization (MMF),% space by time decompo-
sition,%” and autoencoder.”8 Each algorithm has specific
features that investigate peculiar aspects of motor control.
Alessandro et al. argued that muscle synergy extraction
methods should incorporate task execution variables,
in order to link muscle synergies to the motor function
they produce to better reflect task-space dynamics (such
as joint angles or forces) and improve the interpretation
of the results and their clinical use.2® They suggested to
consider task-related synergy extraction method instead
of NMF. To overcome these limits, Scano et al. proposed
a novel factorization algorithm called mixed matrix fac-
torization (MMF) that allows the extraction of combined
“kinematic-muscular synergies” from data generated by
non-negative combinations of known kinematic-muscular
synergies.% The proposed approach can provide insights
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into the functional role of motor modules and the relation-
ship between muscle synergies and the motor output at the
kinematic or kinetic level. O’Reilly and Delis proposed a
computational approach that removes linearity constraints
and links muscle synergies to the task space.?® Despite
the variety of available models, all examined studies ex-
tracted and analyzed spatial synergies. This kind of syn-
ergy seems to explain motor coordination at a spinal lev-
el.17.100 Studies in vertebrate species suggests that muscle
synergies might be encoded by neural circuitry at both
the spinal and cortical levels. In the frog spinal cord, N-
methyl-D-aspartate (NMDA) iontophoresis, microstimu-
lation, and cutaneous stimulation, evoked EMG patterns
that could be decomposed into a small number of syner-
gies similar to those seen in natural behaviors, implying
the synergies are encoded by spinal interneuronal net-
works.19.101-103 Hart and Giszter further demonstrated that
the activity of spinal interneurons in the frog was more
closely related to the activation of muscle synergies than
to the activity of individual muscles.!%4 Recent work by
Takei et al. provided evidence that spinal premotor in-
terneurons in the primate cervical cord also underlie the
spatiotemporal patterns of hand muscle synergies dur-
ing a precision grip task.195 They found that the output
effects of spinal interneurons on hand muscles were not
uniformly distributed but rather clustered into groups cor-
responding to muscle synergies. More recently, York et al.
developed a computational model of spinal circuits that
could reproduce muscle synergy patterns significantly in-
fluenced by limb position and angles in humans.!9¢ Their
model suggests that proprioceptive afferent inputs to spi-
nal interneurons can modulate the activations of agonist
and antagonist muscle synergies encoded in the spinal cir-
cuitry. However, the motor cortex also likely plays a role
in regulating and combining synergies. In monkeys, in-
tracortical microstimulation of the primary motor cortex
activated muscle synergies resembling those identified in
natural reach and grasp movements.!97 Furthermore, in
stroke patients, alterations in muscle synergies were cor-
related with the extent of damage to the motor cortex.3s
A conceptual model proposed by Drew et al. postulates
that distinct motor cortical neuronal subpopulations con-
trol different synergies, allowing flexible recombination
of synergies to produce diverse movements.!08

Indeed, different types of synergy models may explain
motor control at different levels of the CNS and introduce
relevant updates that might explain hidden mechanisms
of recovery that cannot be found with the standard spatial
synergy model based on NMF.
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VARIATION OF THE NUMBER OF SYNERGIES IN LONGITUDINAL TREAT-
MENTS

The number of muscle synergies depends on the number
of muscles examined and thresholds of extracted syner-
gies. To assess the quality of the extracted synergies, two
metrics have been commonly used: the VAF and R2. They
have different sensitivity and, given a threshold-based syn-
ergy number selection criterium, they can lead to a differ-
ent number of extracted synergies.2!: 199 Other methods are
available, such as the linear fit!!0 and Akaike information
criterion (AIC).!!! A recent suggestion and operative meth-
od should be to use different thresholds associated to the
VAF or R2 curves to provide a multi-resolution analysis,
as introduced in Pale ef al.93 Some simulation studies al-
ready found the importance of a correct number of muscles
to analyze muscle synergies because they impact on syn-
ergy extraction and VAF can be overestimated by a small
number of muscles analyzed.!!2 These studies suggested
that a large set of muscle should be examined to avoid un-
derestimation of motor control.!3 Steele et al. suggested
two methods to reduce the sensitivity of synergy analy-
ses to the number and choice of muscles: selecting domi-
nant muscles from a master set of synergies and selecting
muscles with the largest maximum isometric force.!!2 The
choice of muscles examined can significantly influence the
extraction of synergies and may lead to overestimation of
the VAF when only a few muscles are considered!!2. 113
or to misinterpretation of the level of disability. Accord-
ing to these observations, Pierella et al. analyzing 16 key
muscles for a reaching task, were unique in reporting sig-
nificant differences in the number of synergies after robotic
treatment.52 Conversely, Lencioni et al. analyzed the same
number of muscles, but they did not find any changes in
synergy number.®® Scotto di Luzio et al. observed that the
weighting of paretic muscle synergies became more simi-
lar to that of a healthy limb during grasping.>3 However,
they admitted that their results are not generalizable due to
their small sample size and the limited number of muscles
analyzed. Moreover, synergy decomposition procedures
only care about explaining as much variance of muscle ac-
tivity as possible, ignoring functional significance.26

VARIATION OF SYNERGIES STRUCTURE IN LONGITUDINAL TREATMENTS

The studies reviewed provide compelling evidence that
robotic-assisted therapy can significantly impact motor
coordination in stroke patients, as evidenced by changes
in muscle synergy structure post-intervention. Scotto di
Luzio et al. in their study involving subacute stroke pa-
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tients, demonstrated that robotic rehabilitation can poten-
tially facilitate motor function recovery to a degree com-
parable to that of healthy individuals, as evidenced by a
higher similarity between muscle patterns in the injured
and healthy limb post-intervention.53 This aligns with the
findings of Hashiguchi et al., who focused on the changes
in muscle synergies during the recovery process, noting
that the number of muscle synergies in stroke patients in-
creased with recovery and became more similar to those
of healthy individuals.!!4 This suggests that the recovery
process involves a reorganization of motor control strate-
gies, which could potentially be facilitated with robotic-
assisted therapy. Furthermore, Lencioni ef al. observed a
significant treatment effect on contralesional upper limb
muscle weighting in the robot-assisted group during an ob-
ject placing task.®0 This suggests that robotic interventions
may enhance motor control and muscular coordination,
improving task-specific motor functions. On the contrary,
Belfatto et al. reported no significant change in hand-to-
mouth movement between pre and post robotic treatment
in chronic stroke patients.>4 This is likely due to the fact
that different tasks and robotic assistance can potentially
affect the spatial structure of muscle synergy.!!5

Tropea et al. observed that while robot-assisted train-
ing did not significantly affect the similarity of muscle
synergies between healthy subjects and subacute stroke
patients, it did restore intra-group similarity in terms of
muscle synergies in post-stroke patients.>5 Lastly, Irastorza
et al. found no significant difference in synergy structure
between pre- and post-treatment evaluations for healthy or
paretic limbs.5¢ These diverse findings underline the im-
portance of using muscle synergies in the evaluation of
robotic rehabilitation outcomes and highlight the need for
further research to understand the specific impacts of these
interventions on synergy structures and to develop more
effective, patient-specific rehabilitation protocols.

'V ARIATION OF TEMPORAL COEFFICIENTS IN LONGITUDINAL TREATMENTS

In these studies, we found that the temporal component of
muscle synergies seems to be the most sensitive param-
eter that can be changed with rehabilitation treatment. In
fact, the temporal component showed more changes than
the synergy structure. However, only four studies reported
the analysis of this parameter.54-56, 0 Temporal coefficients
are often overlooked in synergy studies, which can be a
limiting factor as highlighted in Zhao et al.8% Regarding
the temporal synergistic model, Brambilla et al. investi-
gated the differences in reconstruction accuracy between
temporal and spatial synergy models across various upper
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limb movements. Their findings indicate that for achieving
a specific level of R2, fewer temporal synergies are needed
compared to spatial synergies. The research suggests that
the temporal dimensionality of data may be more con-
strained by its smoothness than the spatial dimensionality
is by the amplitude distribution.!” Tropea et al. observed
that the alteration of the temporal component of muscle
synergies reflects the injury of the cerebrovascular acci-
dent and could document the effects of the functional re-
covery due to a suitable and customized treatment.55 Len-
cioni et al. found that the similarity of temporal coefficient
in object placing increased after robotic treatment and this
change was associated with better kinematics. They attrib-
uted this effect to a true neurological recovery (as opposed
to motor compensation). In fact, according to Tropea et
al.’s study, the authors hypothesized that the abnormal re-
cruitment of motor modules were the main cause of the
impaired motor performance.®® Similar effects were also
found in the study by Belfatto et al.>* Analyzing temporal
coefficients is crucial for understanding muscle activation
timing and recruitment changes. According to a recent re-
view, temporal coefficients should be considered as bio-
markers for detecting motor impairment.88

CLINICAL AND INSTRUMENTAL FINDINGS

Multi-modal approaches in rehabilitation enrich our un-
derstanding of pathophysiological changes by revealing
novel variable relationships.!1¢ In this scoping review we
focused on clinical and instrumental outcomes and their
relationship with muscle synergies.

The FMA-UL was the primary outcome measure for
motor impairment in most studies, showing improvement
across stroke stages, except in one study.54 Cheung et al.
highlighted the intrinsic relationship between the FMA
and neural adaptations influencing motor recovery.3s In
patients with mild impairment, indicated by higher FMA
scores, there is a preservation of muscle synergies in the
stroke-affected upper limb, similar to those in the unaf-
fected upper limb. This phenomenon suggests that, despite
observable motor performance variations, the foundation-
al neural control mechanisms in these individuals remain
largely conserved. As the severity of impairment increased,
a divergence emerged between the muscle synergies of the
affected and unaffected upper limbs. Cheung et al. identi-
fied certain muscle synergies in the affected upper limb
that could not be solely attributed to synergy merging. In-
stead, these synergies seemed to represent fractionations
of those in the unaffected upper limb.35

Clinical improvements often correlated with changes in
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the number, structure and timing profile of muscle syn-
ergies.52 56 Irastorza et al. introduced the FSRI, which
measures the temporal correlation between the recruit-
ment profiles of healthy muscle modules in both affected
and unaffected muscles. FSRI correlates with upper limb
motor function and recovery scores, suggesting that func-
tional synergy structures are physically preserved after
stroke and authors proposed it as a biomarker to evaluate
neuromuscular behavior and design motor personalized
rehabilitation approaches.>¢ When combined with tradi-
tional clinical scales, muscle synergies can offer a more
comprehensive picture of a patient’s motor function. This
can provide insights into compensatory strategies adopted
by stroke patients and guide interventions to restore nor-
mal movement patterns.

Beyond the relationship between synergies and clinical
outcomes, some studies found correlations between kine-
matic and EEG parameters with synergy activation coef-
ficients.52. 54 Kinematic analysis captures this variability in
movement patterns, leading to insights into how different
synergies are used by different individuals.!'? Kinematic
parameters can be acquired using various methods, such as
marker-based optoelectronic systems or marker-less sys-
tems, like RGB-depth cameras or Inertial Measurement
Units. The choice of method may depend on factors like
accuracy, precision, ease of use, cost, and time required
for measurements. Four studies included kinematic pa-
rameters in the evaluation. Belfatto er al. and Lencioni
et al. used marker-based optoelectronic systems in their
research studies,54 ¢ while Pierella et al. and Tropea et
al. extracted parameters from their chosen devices.52 55 In-
deed, upper limb rehabilitation robots are not only useful
for providing therapeutic interventions, but also for assess-
ing patients’ motor functions objectively.!18

EEG is a valuable tool for studying motor control in
neurorehabilitation. It can measure brain activity related
to movement planning and execution, as well as the ef-
fects of external stimulation or feedback on motor cortex
rhythms. The findings from two included studies indicate
that robotic training can enhance cortical activity, bringing
it closer to physiological conditions.52: 54 A recent paper
demonstrated that finger movement induced by external
devices had a significant effect on the mu-rhythm.!! EEG
and EMG together may assess neural-muscular interac-
tions.!120 These insights are essential for advancing the
field of neurorehabilitation, as EEG can be used as a non-
invasive interface to control computers!?! and robots, as
demonstrated by Irastorza et al.5¢
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Muscle synergies in non-robotic stroke rehabilitation

This section discusses muscle synergies in non-robotic
stroke rehabilitation, building on longitudinal studies to
highlight the potential for stroke recovery.

The eight studies comprised, subacute,57- 58, 62 chron-
1c63. 64, 68 and mixed>: ¢! stroke patients, with varying de-
grees of motor impairment. The inclusion of both healthy
individuals and stroke patients, as seen in Dash et al. and
Zendehbad et al., added another layer of variability to the
findings.o!. 68

While some studies, such as Niu et al., provided detailed
assessments using the FMA-UL to gauge motor impair-
ment, others, like Dash ez al., did not specify the level of im-
pairment. The studies reported a diverse array of outcomes,
including functional scores like the FMA-UL, which was
used in several studies to assess motor impairment and re-
covery.57 61,62, 64,68 The WMFT was employed by Hesam-
Shariati et al. and Seo et al. to evaluate upper limb function
and movement quality.63. ¢ The MAL was utilized by Hes-
am-Shariati et al. to assess the amount and quality of arm
use in daily activities.? In addition to clinical assessments,
instrumental analyses were also performed. Kinematic pa-
rameters were evaluated in studies by Niu ez al. and Seo et
al. to quantify movement characteristics such as velocity,
smoothness, and joint angles.57.62.64 EEG was employed by
Zendehbad et al. to investigate cortical activity during mo-
tor tasks.6! This variety in patient characteristics and out-
come measures reflects the heterogeneous nature of stroke
rehabilitation research, highlighting the need for a compre-
hensive and multi-modal approach to assess motor function
and recovery in stroke survivors. The treatment for studies
comprised a mean duration of 50.8+13.2 minutes per ses-
sion, and the mean number of sessions was 15.0+6.7. The
mean duration of the treatment was 4.49+3.22 weeks.

Studies employed diverse interventions, from tradi-
tional rehabilitation therapies to modern techniques like
FES, Myo-CI and virtual reality. This variety supports the
widespread applicability of muscle synergy analysis in nu-
merous rehabilitation procedures, aligning with the current
trend in stroke rehabilitation that favors individualized,
patient-centered care.!22

As in robotic studies, the majority of the examined stud-
ies consistently employed NMF to decipher muscle syner-
gies. This uniformity underscores the acceptance of NMF
as a reliable technique for identifying intrinsic patterns of
muscle coordination, which could guide the formulation of
rehabilitation strategies. Nonetheless, the specific param-
eters employed, such as the VAF, demonstrated variation
across the studies. The optimal choice for the VAF thresh-
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old, which influences the number of synergies discerned,
remains disputed.!23

The studies reported a substantial variation in the num-
ber of identified synergies, ranging from two to eight. Niu
et al. fixed three synergies a priori,57- ©2 Dash et al. used
two fixed synergies® and Zendehbad ef al. used three fixed
muscle synergies.6! Hesam-Shariati et al. found a signifi-
cant difference in the number of muscle synergies between
low motor-function (3.38+0.2) and high motor-function
(4.00+0.3) groups at early therapy, with a non-significant
increase for low and moderate motor-function groups at
late therapy. Maistrello et al. reported that the number of
synergies (8) did not change significantly after treatment.>8
Seo et al. found no change observed after training.®4 Alnaj-
jar et al. identified one synergy in the affected upper limb
before and after treatment, with notable changes in the
level of VAF resembling the formation of two synergies.>®
This disparity in the number of identified synergies could
arise due to dissimilar task demands, the specific muscles
analyzed, or participant demographics across the different
studies. Existing literature corroborates that the complexity
of tasks!12 and patient-specific factors such as stroke se-
verity and chronicity can modulate the number of syner-
gies.10. 124 This broad variability underscores the need to
determine an ‘optimal’ number of synergies based on the
task or patient population, which could inform personal-
ized rehabilitation strategies.

Interestingly, while some studies observed stability in
synergy composition post-intervention, others reported al-
terations in the temporal components of the synergies.

In their two studies, Niu et al. specifically reported al-
terations in the temporal coefficients of muscle synergies
following treatment.57: 62 In their 2019 study, they observed
significant time profile changes in all three muscle syner-
gies post-FES, suggesting that synergy-based FES might
have incurred beneficial changes in muscle synergy.5?
Similarly, in their 2022 study, Niu et a/. found that indi-
vidual data showed increased similarity than healthy con-
trols in muscle vector and time profile, in forward and lat-
eral reaching movements after treatment.62 The changes in
temporal coefficients may reflect a reorganization of neural
control strategies following FES treatment. This reorgani-
zation could involve more efficient recruitment of motor
modules, resulting in better-coordinated muscle activations
during specific movements, such as forward-reaching.

Hesam-Shariati et al. measured temporal components
solely to distinguish motor function levels, without report-
ing post-treatment changes.®3 Maistrello et al., Dash et al.,
Seo et al., and Alnajjar et al. did not provide any infor-
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mation on temporal coefficient variations following their
respective interventions.58. 59, 64.68 According to Dash et al.,
there was a notable increasing in the “Synergy Stability In-
dex” during a glass-lifting task.%8 This find could suggests
that muscle synergy analysis could be a sensitive tool for
detecting changes in motor coordination during goal-ori-
ented movements. Hesam-Shariati et al. found that muscle
weightings changed from early to late therapy except for
the first four clusters, but differences pre and post treat-
ment were not reported.®3 Zendehbad ez al. did not report
any findings related to changes in synergy composition or
temporal components.6!

These findings highlight the need for more comprehen-
sive reporting of muscle synergy parameters, particularly
temporal coefficients, to better understand the effects of
various interventions on motor control and recovery post-
stroke. In the examined studies the pre- and post-treatment
analysis showed a significant improvement in almost all
clinical outcomes, even when no significant differences in
muscle synergies numbers were observed. Hesam Shariati
et al. in their muscle synergies analysis, explored differ-
ence in level of impairment in stroke patients, demonstrat-
ing that synergy characteristics may differ according to the
level of motor-function.®®> They found a non-significant
changes in number only for low to moderate levels of mo-
tor function. According to Maistrello et al., the reason for
this finding could be a different sensitivity to the recovery
level after stroke.>8 They argued that the number and merg-
ing of muscles synergies alone are not adequate indicators
of treatment effectiveness.58 For the authors, the number
of muscle synergies may reflect motor recovery, which has
been shown to have a positive correlation with the number
of synergies of affected limbs and a negative correlation
with motor ability.

However, the adaptability and efficiency of muscle syn-
ergies, particularly in response to rehabilitation treatment
were found across these studies. Alnajjar ef al. observed
that there was notable modulation in muscle synergies af-
ter a rehabilitative training, mirroring healthy individuals
adapting to new or unpredictable conditions.5® This con-
gruence in muscle synergy adaptation suggests a founda-
tional mechanism through which the CNS optimizes upper
limb movement by tuning possible motor solutions, simi-
lar to what happens in healthy participants dealing with
unfamiliar environments. Furthermore, initial movements
in these unfamiliar environments, while energy-inefficient,
serve as prompt reactions. But with training, energy ex-
penditure decreases as more optimal motor solutions are
identified.> This hypothesis was further corroborated by
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Seo et al., who demonstrated that, after a six-week train-
ing period, only the healthy participants who were trained
in an unfamiliar task exhibited changes in muscle synergy
composition.!25

In the clinical context, these findings could significantly
influence the development of more effective and energy-
efficient rehabilitative training protocols, particularly
combining muscle synergies analysis. Maistrello ef al. ex-
amined the Median-sp was closely related to the patients’
motor outcomes both before and after the treatment. They
suggested that Median-sp is a reliable indicator of motor
performance following motor treatment.58 In Seo et al., the
change in disparity index was significantly correlated with
the changed FMA and with the change in reaching distance
across all subjects.®4 This suggests that reducing abnor-
mal co-activation of trained muscle pairs was associated
with an increased range of motion after stroke and with
improved motor function after stroke. These findings mir-
ror the broader literature, with some studies associating a
decrease in the number of muscle synergies with impaired
motor function,!!4 similar to the motor control patterns of
healthy individuals.35

Future works and limitations

The reviewed studies underscore the broad adaptability of
muscle synergy analysis in various rehabilitation settings,
suggesting its potential to refine both traditional and robot-
assisted treatments. The evolving field of stroke rehabilita-
tion calls for deeper insight into recovery mechanisms and
the efficacy of interventions, including robotics. Accord-
ing to a recent Consensus conference, future perspectives
for robot-assisted rehabilitation in people with neurologi-
cal conditions include the need to design research studies
aimed at investigating the role of robotic and electrome-
chanical devices in promoting neuroplasticity.4> Moreover,
for the authors, it is important to develop and apply new
theoretical models to better understand the underlying
mechanisms of robot-assisted rehabilitation and improve
treatment effectiveness.4s

The analysis of muscle synergies, for instance, offers
a window into our comprehension of recovery dynam-
ics but also paves the way for more targeted and effective
therapeutic interventions in the future. However, integrat-
ing and exploiting muscle synergies into clinical practice
is a process with several challenges. Real-time acquisition
and interpretation of muscle synergies data requires spe-
cialized expertise, challenging professionals without ex-
tensive training. Furthermore, the need for specific, often
costly equipment may limit its accessibility in many clini-
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cal environments. Lastly, while multidomain assessments
offer comprehensive insights, they add complexity to the
rehabilitation process, potentially making it challenging for
professionals to integrate and act upon such multifaceted
data in clinical scenarios.

The reviewed studies used muscle synergies solely to
gauge post-rehabilitation effects. It’s worth noting that mus-
cle synergies may provide a more accurate representation
of neural damage than motor scales, which may have lower
sensitivity.¢ This characteristic should be considered when
designing and adjusting rehabilitation protocols according
to changes in muscle synergies, by creating rehabilitation
approaches based on a synergistic rationale. Additionally,
rehabilitation protocols and synergy protocols may need to
be adjusted over time as the individual progresses. The use
of machine learning and synergy-based protocol may im-
prove the personalization of the rehabilitation treatments.
Four reviewed studies proposed a synergy-based protocol
of treatment.57. 61. 62,68 Among these, Zendehbad ef al. used
machine learning to design a nonlinear model based on an
artificial neural network to predict the desired upper limb
movement trajectory.6! Moreover, the integration of sen-
sors, such as sSEMG, with robotics is also expected to bring
to the development of more advanced rehabilitation devices
that can provide patients with different levels of assistance
and support during therapy sessions.!26 This represents a
promising future direction for muscle synergy-based reha-
bilitation approaches in stroke. Indeed, the use of SEMG
for muscle synergies is still to be explored. For example,
some researchers used High definition SEMG suggesting
that the modular (synergistic) organization of movement is
not at the muscle level but rather at the motor unit level, 27
and these two levels do not overlap. This means that reha-
bilitation protocols should focus on the specific motor units
that are responsible for generating the desired movement,
rather than simply targeting the muscle as a whole.!27 This
could yield more efficient training and deeper insights into
neural mechanisms.

One possible application is the use of muscle syner-
gies in Human-Robot Interaction, a field that studies how
humans and robots interact with each other. For instance,
several studies have investigated hand muscle synergies
for robotic hand control for rehabilitation purposes.!28. 129
Nevertheless, in our research only one study has examined
the effects of a hand robot on stroke patients using muscle
synergy analysis.53 A possible reason for this could be the
challenges involved in measuring the activity of forearm
and hand muscles using SEMG.93

The scoping review outlines key challenges in current

Vol. 60 - No. 5

FACCIORUSSO

muscle synergies research in stroke rehabilitation. A sig-
nificant limitation stems from the heterogeneity in meth-
odologies used for synergy extraction, particularly the
diverse algorithms chosen, which hinders direct compari-
sons between studies. Additionally, the multitude of reha-
bilitation protocols observed introduces variability in out-
comes, complicating the task of establishing standardized
intervention guidelines based on muscle synergy analyses.
Compounding these challenges is the broad spectrum of
patient demographics and intervention groups across the
studies. Such diversity underscores the pressing need for
more uniform and standardized research protocols to en-
sure consistent findings.

In summary our scoping review identifies several areas
needing further exploration in future longitudinal studies.
The choice of synergy protocols significantly impacts the
validity and reliability of muscle synergy analysis. For in-
stance, fixed-number synergy protocols may miss individ-
ual variability and recovery patterns. Similarly, single-task
synergy protocols may not capture the functional diversity
of rehabilitation protocols or the range of available syner-
gies and do not allow to recover the repertoire of available
muscle synergies. Therefore, choosing a synergy protocol
compatible with the rehabilitation protocol is crucial for
meaningful, accurate muscle synergy analysis. On the other
hand, it is important to evaluate transferability of functional
tasks in muscle synergies. Table I provides a succinct over-
view of these identified areas along with corresponding
suggestions, offering a roadmap for researchers and clini-
cians to enhance the effectiveness and precision of future
studies in this domain.

Despite thorough efforts to ensure a comprehensive and
unbiased review, our methodology entailed certain limita-
tions. Firstly, the inclusion criteria were not restricted sole-
ly RCTs, which potentially introduced variability in study
designs and heterogeneity in results. Additionally, the re-
search did not encompass all existing databases. Despite
these limitations, efforts were made to mitigate bias and
ensure a broad coverage of the literature, to provide a ho-
listic view of the topic under review.

Conclusions

This scoping review paper has summarized the current
state of knowledge on the effects of neurorehabilitation
on muscle synergies in post-stroke patients. Muscle syner-
gies are hypothesized to reflect the modular organization
of motor control in the CNS, and their alterations after
stroke may indicate impaired motor function and recov-

EUROPEAN JOURNAL OF PHYSICAL AND REHABILITATION MEDICINE 787



FACCIORUSSO

MUSCLE SYNERGIES IN UPPER LIMB STROKE REHABILITATION

TABLE L.—List of suggestions for future longitudinal studies based on muscle synergies.

Aspect

Suggestions

Enrolled patients and volunteers
Larger sample size.

Detailed characterization of the study population.

Patient-specific analyses to minimize inter-subject variability.
Careful selection of control groups for accurate comparisons.
Uniform definition of stroke type and recovery stage.

Types of interventions

Optimization of robotic devices and protocols for effectiveness.

Investigation of different forms of robotic assistance.
Exploration of muscle synergies across various rehabilitative contexts.

Protocols for rehabilitation sessions

Incorporation of movement variability in protocols.

Comparison between patient’s affected and unaffected limb and healthy subject’s limb.
Introduction of complex, 3D and multi-planar movements.
Personalized rehabilitation programs based on muscle synergies.

Protocols for synergy extraction

Use of diverse models and algorithms for synergy extraction.

Consideration of temporal coefficients in synergy analyses.
Standardization of electrode positioning.
Training and familiarization of subjects with experimental tasks.
Variation of the number of synergies Investigation of the impact of interventions on muscle synergy number.
Understanding of the relationship between synergy number and motor impairment severity.
When possible, avoid fixing the number of synergies a priori.
Use multiple R2/VAF thresholds or more accurate methods for determining the number of muscle synergies.

Variation of synergies structure

Examination of how interventions impact muscle synergy structure.

Understanding of the relationship between muscle synergy structure and motor function recovery.

Variation of temporal coefficients

Emphasis on changes in temporal coefficients post-intervention.

Exploration of the relationship between temporal coefficients and motor function recovery.

Clinical and instrumental findings

Investigation of the relationship between muscle synergies and clinical outcomes.

Use of multidomain assessments (e.g., kinematics, EEG).
Exploration of muscle synergies as a biomarker for motor impairment and recovery.

ery. Furthermore, while robotic treatments have shown
promising results in improving muscle synergies, they are
still in the early stages of development and require further
research to determine their effectiveness in clinical set-
tings. These findings suggest that muscle synergy analysis
can provide valuable information on the neural mecha-
nisms underlying motor recovery after stroke, and that it
can be used as a biomarker to evaluate the effectiveness
of different rehabilitation interventions. However, more
studies are needed to establish the causal relationship be-
tween muscle synergy changes and functional outcomes,
to identify the optimal parameters and protocols for mus-
cle synergy extraction and comparison, and to explore the
potential of muscle synergy-based feedback and stimu-
lation for enhancing neuroplasticity and motor learning.
In summary, muscle synergy analysis is a promising tool
for clinical evaluation and rehabilitation of movement in
post-stroke patients.
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