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ARTICLE INFO ABSTRACT

Keywords: Introduction: Muscle synergies have been proposed as a strategy employed by the central nervous
Muscle Synergy system to control movements. Muscle synergy analysis is a well-established framework to
Upper limb examine the pathophysiological basis of neurological diseases and has been applied for analysis
Rehabilitation . . s . ps .
Assessment and assessment in clinical applications in the last decades, even if it has not yet been widely used
Electromyography in clinical diagnosis, rehabilitative treatment and interventions. Even if inconsistencies in the
Patients outputs among studies and lack of a normative pipeline including signal processing and synergy

Clinics analysis limit the progress, common findings and results are identifiable as a basis for future
research. Therefore, a literature review that summarizes methods and main findings of previous
works on upper limb muscle synergies in clinical environment is needed to i) summarize the main
findings so far, ii) highlight the barriers limiting their use in clinical applications, and iii) suggest
future research directions needed for facilitating translation of experimental research to clinical
scenarios.

Methods: Articles in which muscle synergies were used to analyze and assess upper limb function
in neurological impairments were reviewed. The literature research was conducted in Scopus,
PubMed, and Web of Science. Experimental protocols (e.g., the aim of the study, number and type
of participants, number and type of muscles, and tasks), methods (e.g., muscle synergy models
and synergy extraction methods, signal processing methods), and the main findings of eligible
studies were reported and discussed.

Results: 383 articles were screened and 51 were selected, which involved a total of 13 diseases and
748 patients and 1155 participants. Each study investigated on average 15 + 10 patients. Four to
forty-one muscles were included in the muscle synergy analysis. Point-to-point reaching was the
most used task. The preprocessing of EMG signals and algorithms for synergy extraction varied
among studies, and non-negative matrix factorization was the most used method. Five EMG
normalization methods and five methods for identifying the optimal number of synergies were
used in the selected papers. Most of the studies report that analyses on synergy number, structure,
and activations provide novel insights on the physiopathology of motor control that cannot be
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gained with standard clinical assessments, and suggest that muscle synergies may be useful to
personalize therapies and to develop new therapeutic strategies. However, in the selected studies
synergies were used only for assessment; different testing procedures were used and, in general,
study-specific modifications of muscle synergies were observed; single session or longitudinal
studies mainly aimed at assessing stroke (71% of the studies), even though other pathologies were
also investigated. Synergy modifications were either study-specific or were not observed, with
few analyses available for temporal coefficients. Thus, several barriers prevent wider adoption of
muscle synergy analysis including a lack of standardized experimental protocols, signal pro-
cessing procedures, and synergy extraction methods. A compromise in the design of the studies
must be found to combine the systematicity of motor control studies and the feasibility of clinical
studies. There are however several potential developments that might promote the use of muscle
synergy analysis in clinical practice, including refined assessments based on synergistic ap-
proaches not allowed by other methods and the availability of novel models. Finally, neural
substrates of muscle synergies are discussed, and possible future research directions are proposed.
Conclusions: This review provides new perspectives about the challenges and open issues that
need to be addressed in future work to achieve a better understanding of motor impairments and
rehabilitative therapy using muscle synergies. These include the application of the methods on
wider scales, standardization of procedures, inclusion of synergies in the clinical decisional
process, assessment of temporal coefficients and temporal-based models, extensive work on the
algorithms and understanding of the physio-pathological mechanisms of pathology, as well as the
application and adaptation of synergy-based approaches to various rehabilitative scenarios for
increasing the available evidence.
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Abbreviations
ADM Abductor digiti minimi
AEO Abdominal external oblique
AIO Abdominal internal oblique
AMP Amputated subjects
ANC Anconeus
APB Abductor pollicis brevis
BIC Biceps brachii
BIL Biceps brachii long head
BIS Biceps brachii short head
BRA Brachioradialis
BRC Brachialis
BW Butterworth filter
CA Cerebellar ataxias
CP Cerebral palsy
DEA Deltoid anterior
DEM Deltoid medial
DEP Deltoid posterior
DYS Dystonia children
ECR Extensor carpi radialis
ECU Extensor carpi ulnaris
EDC Extensor digitorum communis
EDM Extensor digiti minimi
EDS Extensor digitorum superficialis
EIP Extensor indicis proprius
ERE Erector spinae
FCR Flexor carpi radialis
FCU Flexor carpi ulnaris
FDI First dorsal interosseous
FDP Flexor digitorum profundus
FDS Flexor digitorum superficialis
FIR Finite impulse response filter
FPB Flexor pollicis brevis
FSHD Facioscapulohumeral dystrophy
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HP Healthy participants

INF Infraspinatus

INT Interossei dorsales

LAT Latissimus dorsi

LD Limb deficiency

LE Lateral epicondylalgia

MP Muscle pain

MS Multiple sclerosis

MUL Multifidus

PD Parkinson’s disease

PEC Pectoralis major

PTE Pronator teres

REA Rectus abdominis

RHO Rhomboid major

SCI Spinal cord injury

SEA Serratus anterior

SIBR Subpectoral implant breast reconstruction
SP Stroke patients

STE Sternocleidomastoid

SUP Supinator

SuS Supraspinatus

TEA Tears major

TEM Thenar eminence muscle group
TLA Triceps brachii lateral head
TLO Triceps brachii long head
TME Triceps brachii medial head
TRI Triceps brachii

TRL Trapezius lower

TRM Trapezius medialis

TRU Trapezius upper

1. Introduction

Neurological diseases such as stroke, Parkinson’s disease (PD), or traumatic brain injury usually cause disability or disorder of limb
functions, which significantly affect the quality of life of patients. Over 13 million people have a stroke every year globally and around
5.5 million people have dramatic results following the event; more than 10 million people live with PD [1-3]. Besides, there are other
neural system diseases, like cerebral palsy (CP), Alzheimer’s disease (AD), epilepsy, and multiple sclerosis (MS), which impose a great
burden on families and society. How to reduce the damage and improve independence in individuals with neurological diseases is a
crucial issue for society currently and in the future.

Clinical studies indicate that early rehabilitation treatment can largely improve and maintain motor function exploiting neural
plasticity in critical periods [4,5]. Subjects usually show abnormal motor patterns after diseases, such as movements poorly coordi-
nated between limbs [6-9] and compensation movements of the body to complete motor tasks [10-12]. By observing the performance
or capturing kinematic information when patients perform some tasks, previous studies have quantified motor function based on scales
[13-17] and sensor-based assessments [18-21]. Scale-based methods are commonly used in clinical settings, and the effectiveness and
reliability of scales have been validated. However, some distinct drawbacks are also documented, such as subjective outcomes, floor
and ceiling effects, poor sensitivity to changes, and time-consuming administration [22]. Sensor-based methods compensate for some
of the drawbacks of scale-based methods. However, both types of methods often do not provide the information necessary to un-
derstand the pathophysiological mechanisms underlying the disease and the recovery process [23].

Surface electromyography (EMG) is a technique based on the recording of electrical physiological activity originating with muscle
contraction [24,25] and has been largely used in clinical assessment and neurorehabilitation [26]. Multi-channel EMG allows for
performing muscle synergy analysis [27], a technique promoting the understanding of the underlying physiological mechanisms
related to muscle coordination and pathophysiological patterns of motor impairment [28]. The muscle synergy hypothesis states that
the central nervous system (CNS) recruits a set of coordinated modules (muscle synergies) to control purposeful movements [29-31].
The neural implementation of muscle synergies has been previously demonstrated in animal experiments, including cat [30,32], frog
[29,33-37], monkey [31,38], and human experiments [39-42]. They have also been used in a variety of fields, including motor
function assessment [43,44] and motor control analysis [41,45,46] in healthy subjects and patients, prosthesis control [47,48], and
neurorehabilitation [49-51].

There is a consensus that muscle synergies can provide relevant insights that cannot be gained with standard clinical assessments
and motion analysis metrics. However, muscle synergy analysis has not been widely and systematically applied in clinical scenarios
and its potential is far from being fully exploited. More knowledge about the neural origin of muscle synergies and the mechanism of
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the CNS generating movements is required, and without a normative muscle synergy analysis pipeline including standardized
experimental protocols and data processing procedures, it is difficult to compare the results among studies and translate the experi-
mental results into general rules for clinical applications. Some review articles summarized and discussed the potential clinical ap-
plications of muscle synergies [52,53] and/or muscle synergy analysis in specific diseases such as stroke [54,55] and Parkinson’s
disease [56]. They focused on clinical-related output analysis and suggested lines for future research including the adoption of
synergy-based rehabilitation paradigms to induce true recovery. However, how to best implement synergy-based approaches still
remains an open question [52]. Moreover, no article systematically reviewed the studies in which muscle synergies were used for
evaluating upper limbs in clinical applications, including a summary of experimental protocols, signal processing methods, clinical
findings, and discussed how the results of a comprehensive screening may impact clinical practice.

To deepen our understanding of the muscle coordination strategies underlying human motor control and promote an effective
application of muscle synergies in upper limb neurorehabilitation, we conducted a systematic review of studies employing muscle
synergies extracted from the upper limb in clinical applications. Accordingly, we first introduce muscle synergy extraction and analysis
methods. Then, we summarize the selected studies grouping them according to the experimental protocols (patients and participants,
anatomical regions, experimental design, and tasks), signal processing and synergy extraction methods, and clinical findings. The
impact of muscle synergies on upper limb function assessments and rehabilitative interventions is discussed. Finally, we highlight the
opportunities and challenges of muscle synergy analysis in clinical applications.

2. Muscle synergies

Due to the complexity and redundancy of the neuromusculoskeletal system, understanding how the CNS coordinates muscle ac-
tivations to produce movements is a major challenge in the field [33]. Previous studies in several animal species revealed that the CNS
may adopt a modular organization to control a wide repertoire of motor behaviors. Several studies explored the control architecture of
the CNS by the means of computational models that postulate a modular organization [27,57,58]. A prominent model for such
modularity is the muscle synergy model [33], which hypothesizes that the CNS generates the time course of neural motor commands to
activate a set of predefined modules, organized in the cerebral cortex, in the brain stem, and in the spinal cord, to produce muscle
activities required for task execution. A limited set of available muscle synergies may handle effectively musculoskeletal redundancy
and simplify motor control.

Over the last two decades, several synergy models and computational methods have been proposed to describe how muscle ac-
tivations are coordinated. These models may capture a spatial, temporal, or spatiotemporal synergy organization [59,60]. Spatial
synergies (also known as time-invariant or synchronous synergies) [33,36] represent relative levels of muscle activations that are
invariant over time and conditions. Different muscle activations can be generated by scaling each synergy by task-dependent time--
varying activation coefficients. The temporal synergy model [39,61] hypothesizes that muscle activation waveforms are generated by
invariant muscle activation patterns, modulated by task-dependent muscle weights. The time-varying synergies (also known as
spatiotemporal synergies) [62] describe specific spatiotemporal patterns that are invariant among motor tasks. Each synergy is a
collection of muscle-specific activation waveforms which can be scaled in amplitude and delayed in time as a unit and combined with
other synergies to generate task-dependent muscle activations. Recently, the space-by-time synergy model introduced invariant
spatiotemporal patterns as a combination of spatial and temporal synergies [63].

The essence of extracting muscle synergies is dimensionality reduction. Several matrix factorization methods have been applied,
such as principal component analysis (PCA) [40,64-66], factor analysis (FA) [39,65], non-negative matrix factorization (NMF) [33,67,
68], independent component analysis (ICA) [35], autoencoder (AE) [69,70], and second-order blind identification (SOBI) [71]. These
methods assume different constraints on the input signals, and factorization results are affected by the noise level, signal character-
istics, and the number of channels [72-74]. When identifying the optimal number of synergies, a predefined threshold based on the
variance accounted for (VAF) [75] or the coefficient of determination (R?) [76] is commonly used, but other criteria have also been
used [29,36,59,65,76-80].

Based on the abovementioned synergy models and computational techniques, previous studies have demonstrated that many motor
tasks can be executed by activating a small set of muscle synergies. For example, three to five synergies were extracted when per-
forming reaching movements under multiple task conditions, including forearm postures, motor patterns, and force conditions [41,81,
82]. A specific number of synergies could also characterize gait cycles [83,84] (typically 4 or 5, depending on the experimental
condition [85]).

However, neurological lesions interfere with the neural processing of control signals occurring at all levels of the motor system,
from motor cortical areas to the spinal cord [43], which causes the alteration of the recruitment and/or structure of the muscle
synergies. These alterations could be valuable biomarkers for motor function assessment and effective descriptors of patients’ motor
capability [43,60,75,86]. Moreover, given that muscle synergies describe how the CNS controls movement, they may also be used in
various prostheses and assistive device control.

In sum, while the applications of muscle synergy analysis in neurorehabilitation are promising and muscle synergies are being
employed more and more to characterize the effects of neurological diseases on motor function, few systematic literature reviews are
available in the field.

3. Literature search strategies and criteria

We reviewed studies in which muscle synergies were used to analyze and assess upper limb function after various neurological
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diseases. The experimental protocols were limited to upper limb movements, involving the shoulder, elbow, wrist, or hand tasks.
Participants included only individuals with motor impairments, e.g., stroke survivors; or the study had to aim at exploring disease-
related issues based on muscle synergies, e.g., coordination in functional upper limb tasks. We identified keywords related to three
different aspects: research topic (muscle synergies), body segment (upper limb or upper extremity or reaching), and application
(patient or rehabilitation or clinical). Then, a literature search was conducted using the following logical combination of keywords:
(“muscle synergies”) and (“upper limb” or “upper extremit*” or “reaching”) and (“patient” or “rehabilitation” or “clinical”) in Scopus,
PubMed, and Web of Science based on the Title, Abstract, and Keywords. The search included studies published from January 2000 to
February 2023. A preliminary screening was conducted in the papers matching the research criteria, and the exclusion criteria
included: (1) duplicated papers, (2) conference, book chapters, reports, letters, and review papers, (3) papers without Journal Citation
Reports (Impact Factor, IF), and (4) non-English papers. Then, a refined screening based on the full text was performed to exclude
studies that did not involve muscle synergies, where the aim of the study was not clinical assessment or rehabilitation therapy, or
involving only healthy participants. Afterward, we extracted the experimental protocols (e.g., the aim of the study, number and type of
participants, number and name of muscles, and tasks), the methods (e.g., muscle synergy models and synergy extraction methods,
signal processing methods), and the main conclusion from the selected studies to provide a comprehensive meta-analysis.

4. Results

The PRISMA graph for our review is reported in Fig. 1. According to our literature search criteria, a total of 383 papers were found
in our screening in Scopus, PubMed, and Web of Science. Then, the studies that did not satisfy the additional selection criteria were
excluded. Finally, 51 papers were considered in this review.

Generally, the number of studies showed an increasing trend year by year, especially since 2017 (Fig. 2). These studies covered
synergy-based assessment and rehabilitative intervention of upper limb muscle synergies in various scenarios and diseases. The
following subsections of the Results summarize the selected articles focusing on Patients and Participants, Recorded Muscles,
Experimental Design and Tasks, Signal Processing, Number of Synergies and Types of Extraction Algorithms, and Findings Achieved

("muscle synerg*”) AND ("upper limb" OR "upper extremit*" OR "reaching")
AND ("patient" OR "rehabilitation" OR "clinical")

PubMed Database Scopus Database ‘Web of Science

383 Papers

<:I<:I<:

Excluding criteria: duplicated, conference, book-chapters, study
protocol, letters, review, without IF, non-English

181 Papers

<33I<3

clinical analysis or application; only healthy subjects; only involving

Excluding criteria: not involving muscle synergies analysis; not for
lower limb or other parts of the body

Results: 51 Papers

|<:

Fig. 1. PRISMA diagram for literature review.
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Fig. 2. The number of selected studies each year in this review.
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with Muscle Synergies.

4.1. Patients and participants

Muscle synergy analysis has been applied to various diseases affecting upper limb motor function. These studies covered a total of
1155 participants, and 748 of them were patients. Each study investigated a mean of 15 4+ 10 (mean + SD) patients. Stroke-related
studies had the largest number of participants, including in total of 850 individuals, and 609 of them were patients. Seven studies
recruited over 30 patients [43,86-91]. The number of patients and healthy subjects in each study is shown in Fig. 3. Descriptive
statistics of the participant groups can be found in Table 1. It can be observed that the number of patients enrolled is in general quite
low to provide reliable statistical conclusions.

This review individuated a total of 13 diseases or limb impairments, in which stroke (number of studies n = 36) was the most
common, followed by CP (n = 3) [92-94]. Other diseases (OD) involved spinal cord injury (SCI) [95], muscle pain (MP) [96],
amputated subjects (AMP) [97], dystonia children (DYS) [98], subpectoral implant breast reconstruction (SIBR) [99], PD [100], lateral
epicondylalgia (LE) [101], facioscapulohumeral dystrophy (FSHD) [102], MS [103,104], cerebellar ataxias (CA) [60], and limb
deficiency (LD) [105], as shown in Fig. 3. The main features of the studies are summarized in Tables 2-4.

4.2. Recorded muscles

In terms of EMG signals recorded for muscle synergy analysis, four to forty-one EMG signals from the upper body, upper arm,
forearm, and hand were recorded using surface electrodes. On average 10 + 6 (mean + SD) muscles were recorded. The highest
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Fig. 3. The number of recruited participants and recorded muscles in each study. The purple area shows the studies involving stroke (n = 36). The
green area shows the studies including CP (n = 3). Other studies (n = 12) usually involving one type of the disease are grouped together in the
yellow area, named OD (Other Diseases), which includes spinal cord injury (SCI), muscle pain (MP), limb deficiency (LD), lateral epicondylalgia
(LE), dystonia children (DYS), multiple sclerosis (MS), facioscapulohumeral dystrophy (FSHD), Parkinson’s disease (PD), amputated subjects (AMP),
cerebellar ataxias (CA), subpectoral implant breast reconstruction (SIBR). For each study, the black bar indicates the number of patients, the gray
bar the number of healthy participants, and the blue line the number of recorded musclesl. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Table 1
Statistics of the number of participants included in the review (CP: Cerebral Palsy, OD: Other Diseases).
Stroke CP OD
Patients Healthy Patients Healthy Patients Healthy
Max 50 25 14 10 15 40
Min 2 0 2 0 0 7
Med 13 6 11 9 10.5 10
Ave 16.8 6.7 9.0 6.3 9.3 12.3
SD 11.2 7.1 6.2 5.5 4.0 9.0




Table 2

Main information of the studies selected in this review. Single session studies, Stroke Patients (SP).

Study DIS IL CS N N Cond PAT HS MUS ALGO AN AW AC
Task
Cheung SP FMA 18- / 7 1 (free) 833+ 6;66.7 (12-16) NMF Both groups showed a similar Similar muscle synergies weights Cortical impairment altered the
etal., 64 5); + number of synergies. across arms and groups were activation pattern for
2009 60.1 (12-16) observed. downstream muscle synergies.
Kung et al., SP FMA 12- / 4 1 (robot) 12 (11 8(6 + 8+ 8 PCA / / There were abnormal synergies in
2010 56 +1); 2); the affected side of the stroke
46.4 50.5 patients during the tracking
movements.
Cheung SP FMA 0- Yes 12 1 (free) 31 (17 0 (10-16) NMF A reduced or increased number Preservation, merging, or /
et al., 66 x 2 + 14); + of synergies was observed inthe  fractionation of muscle synergies
2012 61.6 (10-16) affected arm compared to the was found in the affected arm.
unaffected arm.
Roh et al., Sp FMA 12- / 54 1 (robot) 10 (5 6 (4 + 8 NMF Four synergies were extracted The elbow synergies were /
2013 23 + 5); 2); from both groups. typically retained, while shoulder-
62.3 63.2 related synergies were altered in
stroke individuals and were
correlated with impairment level.
Garcia- SP FMA Yes 6 1 (free) 33 (21 0 8+8 NMF The number of synergies in the The merging of healthy muscle /
Cossio 0-11/24 +12); paralyzed limb was slightly synergies was a predominant
et al., 55 reduced compared to the pattern in patients. The merging
2014 healthy one. or fractionation was not related to
the cortex integrity.
Roh et al., Sp FMA 12- / 54 1 (robot) 24 (14 6(4+ 8 NMF Four synergies were extracted The elbow synergies were /
2015 66 + 10); 2); from both groups. typically retained, while shoulder-
57.5 63.2 related synergies were altered in
stroke individuals and were
correlated with impairment level.
Scano et al., Sp FMA 11- Yes 1 1 (free) 22 (15 0 8 NMF / Five basic clusters were identified /
2017 61 +7); to characterize a group of stroke
56.6 patients, and synergies clustering
did not correlate with the clinical
assessments.
Lietal., SP FMA 18- Yes 2 1 (free) 10 (9 9(5+ 7 NMF / Pathological synergies of patients ~ The similarity indices correlated
2017 32 + 1); 4); were altered from the to the kinematic performance and
60.9 57.8 characteristics of baseline synergy ~ FMA score.
with missing or altered weights
and time profiles.
Scano etal.,  SP FMA12- / 1 2 (with 22(15 0 8 NMF / Six out of seven paired synergies There was a trend of a reduction
2018 64 and +7); - were very strongly similar in the magnitude of the activation
without between free and robot-assisted coefficients during interaction
robot) hand-to-mouth movement. with the robot, though it lacked
statistical significance.
Pan et al., Sp FMA 9- Yes 1 1 (free) 35 (27 25 (13 7 NMF Three synergies were extracted Stroke altered the structure of /
2018 51 + 8); + 12); from both groups. muscle synergies, which could be
60.3 59.2 characterized as the merging of
control group synergies.
Israely SP FMA / 9 1 (free) 13 (7 12; - 8 NMF Four synergies were extracted The synergies of the study group The control group exhibited a
et al., 50.8 +6); - from both groups. and the control group were similar ~ gradual change in the synergy
2018 to the synergies of the activation in the amplitude,

(continued on next page)
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Table 2 (continued)

Study DIS IL CS N N Cond PAT HS MUS ALGO AN AW AC
Task
representative. Two synergies whereas the study group
were not matched between exhibited consistently significant
groups, but the difference was not  differences between all
significant. movement directions and the
representative set of synergies.

Runnalls et SP FMA 9- / 14 3 (weight 13 (9 6 (4 + 8 NMF Controls and patients with mild Co-contraction of three deltoid /
all., 66 support at + 4); 2); impairment showed more muscles was found in the stroke
2019 three 70.8 65.2 synergies with high-weight group.

levels) support. The control group
expressed more synergies
compared to patients in the
moderate-severe group while
there was no difference
between the mild and
moderate-severe groups.

Kim et al., Sp BS II-IV / 8 x 1 (free) 11 (5 7; 4 HALS The study did not find a Clustering analysis showed that /

2020 2 +6); 24.86 significant difference in the corresponding clusters of mild and
56.82 number of synergies between control groups showed the highest
groups. similarity. In contrast, only three
clusters showed a similarity over
0.9 between severe and control
groups.

Chou et al., SP BS III-IV / 2 2 (free) 56+ 8(6 + 7 NMF / / /

2020 0); 60 2);
28.1

Wang et al., Sp FMA 27- Yes 36 1 (free) 15 (9 15 (10 10 PCA / / /

2020 61 X 2 + 6); + 5);
52.1 48.5

Pellegrino SP FMA 5- / 8 3 (three 25 (16 25; - 16 + 16 NMF There was no difference in the In absence of force fields, the The difference between the two
et al., 63 force +9); number of synergies between right-brain damage group had arms of each subject in terms of
2021 fields) 60.4 groups. weight coefficients of muscle activation coefficients was

synergies less altered than the left-  greater in stroke subjects than in

brain damage group in both arms  controls for all tasks. The

and more similar between the two  similarity of the activation

sides of the body. coefficients with those of the
controls was task-dependent,
which was slightly higher when
interacting with the resistive
force field than in the other tasks.

Pan et al., SP FMA Yes 1 1 (free) 34 (26 25(13 7 NMF Three synergies were extracted Compared with the control group, /

2021 11-51/ + 8); +12); from both groups. muscle synergies were altered in
52 59.8 59.2 stroke subjects, and synergy
patterns in the mild-to-moderate
group were more similar to the
control group.

Irastorza- SP FMA Yes 5 1 (free) 18(12 0 8+38 NMF The paretic limb showed a No significant differences were The synergy index significantly
Landa 2-33.5/ + 6); slightly lower number of observed in the three muscle increased after therapy and
etal., 54 54.7 optimal clusters. No significant synergy features between pre- and  correlated with motor function.
2021 differences were observed in the

post-therapy. The number of

(continued on next page)
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Table 2 (continued)

Study DIS IL CS N N Cond PAT HS MUS ALGO AN AW AC
Task
number of synergies in the synergies showed a weak but
paretic limb between pre- and significant correlation with motor
post-therapy. performance.
Ma et al., Sp FMA 22- / 1 1 (robot) 5;67.8 11; 7 MCR- Three synergies were extracted / /
2021 60 26.7 ALS from each healthy subject,
while three and four synergies
were identified from three and
two patients, respectively.
Park et al., SP FMA 12- Yes 4 x 1 (free) 16 (14 8(3+ 13 NMF Four and five muscle synergies The composition of muscle The modulation of synergy
2021 64 2 +2); 5); in the stroke and control groups  synergies was comparable activation coefficients was
51.6 54.3 were observed, respectively. between the groups, except that altered after a stroke.
the three heads of the deltoid
muscle were co-activated and
formed one synergy in the stroke
group, whereas those muscles
formed two synergies in the
control group.
Wang et al., SP BSII-IV ~ / 1x 1 (robot) 20+ 12(10 6 NMF The number of synergies of / The activation coefficients of
2021 2 2); 53 +2); patients decreased compared patients were different from the
25 with the healthy group. healthy group.
Sheng etal.,, SP FMA 13- Yes 1x 1 (robot) 9 (6 + 7 (4 + 8 NMF Two synergies were extracted Low synergy similarity between Patients had a lower amplitude in
2022 51 2 3); 3); 47 from both groups. groups indicates that the muscle activation coefficients than the
67.2 synergies of patients were healthy subjects.
different from the control group.
Seo et al., SP FMA12- / 54 1 (robot) 10 (5 64+ 8 NMF Four synergies were extracted Stroke groups showed abnormal The PCA and the multivariate
2022b 23 +5); 2); from both groups. deltoid modules compared to the multiple linear regression
61.8 63.2 control group. analyses showed that the
alterations in motor modules
were associated with abnormal
between-force coupling.
Liu et al., SP FMA 12- / 54 1 (robot) 10 (5 64+ 8 NMF / / /
2022 23 +5); 2);
62.3 63.2
Funato SP FMA 6- Yes 37 1 (free) 2020 7;- 41 NMF Severe stroke subjects had a Some synergies in stroke survivors  /
etal., 64 +0); significantly smaller number of  corresponded to merged standard
2022 54.5 synergies, while it did not differ ~ synergies and the merging rate

significantly between healthy
participants and those with
mild stroke. The average
number of synergies was close
between groups.

increased with the impairment of
stroke survivors.
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Table 3

Main information of the studies selected in this review. Single session and Longitudinal studies (in gray), Other pathologies.

Study DIS IL (& N N Cond PAT HS MUS ALGO AN AW AC
Task
Tang et al., CP FMA 28-61 Yes 3 1 (free) 14 (9 10 (3 10 NMF A fewer number of synergies Many abnormal synergy structures A lower synergy activation
2017 +5); +7); were recruited in CP group. specific to the CP appeared. A similarity was observed in the
8.2 8.9 lower intra-group similarity was CP group, while both were
observed in the CP group. very low compared to the
synergy similarity.
Lietal, 2019 CP GMFCS 1-4 / 1 1 (free) 11 (7 9(8 + 12 NMF / Synergy structure had greater For both muscle synergies and
+ 4); 1); repeatability than activation synergy activations, the mean
4.68 5.83 curves in both the TD and CP similarity values of the CP
groups. group were significantly lower
than those of the TD group.
Shimizu et al., CP GMFCS 3-4 / 1 1 (free) 22 0 4 NMF / / /
2019 + 0);
18
Zariffa et al., SCI UEMS Yes 8 1 (free) 6 (6 1010 8 NMF / Healthy subjects showed more co- /
2012 21-25/25 +0); + 0); activation of EDC and EIP, and of
49.2 34.9 FDS and FCU. In contrast, the co-
activation of ECR and FCR was
more common among SCI subjects.
Muceli et al., MP / / 12 1 (free) 0; - 8(8 + 12 NMF The number of synergies was The injection of hypertonic saline The injection of hypertonic
2014 x 2 0); consistent in all conditions. had a major influence on the first saline changed the activation
29.3 synergy, mainly activating the signals, especially in the first
DEA. The synergies related to the synergy, a lower peak value
coupling of the elbow and shoulder ~ was observed compared to the
joints were usually preserved baseline level.
across subjects.
Jiang et al., AMP / / 2 1 (free) 77 7 (4 + 7-8 NMF / / /
2014 + 0); 3); 25-
1472 56
Heales et al., LE PRTEE / 4 1 (free) 12 (4 14 (5 6+6 NMF Two synergies were extracted There was no difference in muscle /
2016 37.7/100 +8); +9); from both groups. synergies between arms in the LE
(mean) 51.6 51.4 group. When the synergies
extracted from pooled data of the
control group were used to
reconstruct the muscle activation
of both groups, a significantly
higher VAF was observed in the
control group.

Lunardini DYS TOTAL 2-10 / 2 1 (free) 9(6 9(2+ 8 NMF A similar number of synergies Muscle synergies were greatly The activation profile did not
et al., +3); 7); was extracted from both groups.  similar between groups. significantly differ between
2017 13.4 15.7 groups, while the amplitude of

the peaks presented a slight
reduction in the dystonia
group.

Pellegrino MS EDSS / 8 4 (four 11 (2 112 15 + NMF The number of synergies wasnot ~ MS subjects presented a higher The correlation between
et al., 2.5-6.5/10 force +9); +9); 15 significantly different between change in the organization of activation profiles of two
2018 levels) 50 50 populations. muscle synergies in the presence of  different tasks was

external forces environment.

significantly different between
groups, and this difference

(continued on next page)
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Table 3 (continued)

Study DIS IL (& N N Cond PAT HS MUS ALGO AN AW AC
Task
depended also on the pair of
tasks compared.
Essers et al., FSHD BSS 3-4 / 2 1 (free) 11 (6 11 (5 8 NMF Two synergies were extracted Muscle synergies altered in FSHD /
2019 + 5); + 6); from both groups. individuals and showed greater
54 55 diversity while controls mostly
used one synergy for both tasks.
Huet al.,, PD UPDRS / 1 2 (withor 10 (8 8 (6 + 6 NMF Three synergies were extracted Muscle synergies were more Synergy activations displayed
2019 11-25/56 without + 2); 2); from both groups. similar in both groups with and some oscillatory components
CAS) 63.7 63.13 without CAS. in PD patients and the
similarity with and without
simulation was smaller than in
the control group.
McClanahan AMP DASH / 40 1 (free) 40 11 (11 8-12 NMF Male subjects exhibited a larger ~ / /
etal., 1.67-86.67 (28 + 0); number of synergies than female
2020 + 42.36 subjects in able-bodied subjects.
12); Amputees exhibited less than
29.9 four synergies, whereas able-
bodied subjects commonly
demonstrate five or more
synergies.
Berger et al., CA ICARS 12- Yes 8 1 (free) 11 (5 11 (6 13 NMF / Cerebellar damage affects the Cerebellar damage affected
2020 55 + 6); + 5); temporal and spatiotemporal the temporal and
44.4 49.7 organization, but not the spatial spatiotemporal organization
organization, of the muscle of synergy activations.
patterns.
Leonardis SIBR / / 40 1 (free) 14 (0 10 (0 16 + NMF / Two out of three synergies were /
et al., + +10); 16 more similar than chance between
2021 14); - - the groups on the non-dominant
arm, whereas only one synergy is
more similar than chance on the
dominant arm.
Pierella et al., MS EDSS 0-1 / 8 4 (four 73 73+ 15 NMF The two populations had the The two populations had similar The two populations had
2022 force + 4); 4); 42 same number of muscle structures of muscle synergies. different activation profiles.
levels) 42 synergies.
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Table 4

Main information of the studies selected in this review. Longitudinal studies (in gray), Stroke Patients (SP).

Study DIS IL (& N N Cond PAT HS MUS ALGO AN AW AC
Task
Tropea SP FMA 8-36 / 8 x 1 6(4+2) 10 (5 10 FA Four synergies were extracted Compared to the healthy group, the ~ The patients’ synergy
et al., 2 (robot) 71.8 + 5); from both groups. treatment did not significantly activations were not consistent
2013 71.2 change patients’ muscle synergies,  with the healthy subjects
while the consistency of muscle whatever before or after the
synergies across patients changed treatment while being more
after treatment. anisotropic.
Hesam- SP FMA / 1 1 (VR) 24 (16 + 0 6 NMF The number of synergies for Most synergy clusters changed The synergy activation profiles
Shariati 25.3-61.6 8); 57.9 patients with low motor function from early to later therapy. were similar for patients in
et al., (mean) was significantly less than for each level of motor function.
2017 patients with high motor function
at early therapy. After therapy, an
increase in the number of
synergies was evident for patients
with low and moderate motor
function, albeit not statistically
significant.
Belfatto SP FMA 11-56 / 1 1 (free) 5(5+ 0); 0 8 NMF Two synergies were extracted Muscle synergies were very similar ~ The first synergy activation
et al., 61 before and after rehabilitation with a high similarity value showed a high correlation
2018 therapy. between stages. coefficient between stages,
while the correlation value of
the second activation was
between 0.56 and 0.87.
Niu et al., Sp BS III-1V / 2 1 (free) 6 (5+ 1); 1; - 7 NMF / After intervention, the synergy After intervention, similarity in
2019 58.7 patterns of patients became more synergy activation improved in
similar to that of normal control. all patients and almost all tasks.
Pierella SP FMA 5-54 / 18 1 6(2+4); 6 (2 15 NMF The number of synergies of After training, the muscle synergies ~ /
et al., x 2 (robot) 68 +4); subacute stroke subjects increased  of patients became more similar to
2020 58 after four-week training. healthy subjects.
Dash and SP / / 1 1 (free) 12 (11 + 8 (4 4+ NMF / / /
Lahiri, 1); 39.9 + 4); 4
2020 37
Lencioni Sp FMA / 2 1 (VR 3215+ 10; - 16 NMF The number of synergies was not Post-stroke subjects who followed At baseline, the activation
et al., 14.4-49.5 + 17); 63.5 +16 significantly different between robotic rehabilitation showed profiles of stroke patients were
2021 (median) robot) (median) groups. larger improvements in axial-to- altered compared to the
proximal muscle synergies with healthy control. Meanwhile,
respect to those who underwent the activation profile showed
usual care. Both treatments had no significantly different values
negative effects on muscle for both arms and tasks.
synergies controlling the distal
district.
Maistrello SP FMA 125.5 Yes 7 1 (VR) 50 (33 + 0 16 NMF The number of synergies was not Muscle synergies were not /
et al., (median) 17); 63.6 +16 significantly changed before and significantly changed before and
2021 after treatment. after treatment.
Seo et al., SP FMA 8-40 / 12 1 (free) 32017 + 0 8 NMF After myoelectric computer The composition of muscle /
2022a 15); 27-75 interface training, there was no synergies, calculated using a

consistent pattern of change in the
number of synergies across the
patients.

traditional synergy similarity
metric, did not change after the
training. However, the disparity of

(continued on next page)
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Table 4 (continued)

Study DIS IL CS N N Cond PAT HS MUS ALGO AN AW AC
Task

muscle weights within synergies
increased after the training in
participants who responded to the

training.
Scotto di SP FMA 26-45 / 4 1 7 (5 +2); 0 6 + NMF / A very high degree of similarity of  /
Luzio (robot) 59.6 6 the involved synergies between the
et al., healthy and the injured limb both
2022 before and after the treatment was
observed.
Niu et al., Sp FMA 13-56 / 2 1 (free) 16 (15 + 1;- 7 NMF / After FES intervention, the muscle After the FES intervention, the
2022 1); 60.6 vector exhibited more time profiles showed higher
concentrated activation from magnitudes and clearer bursts.

individual muscles.

FMA: Fugl-Meyer Assessment Upper Extremity; GMFCS: Gross Motor Function Classification System; UEMS: Upper Extremity Motor Score; TOTAL: Total Score.

EDSS: Expanded Disability Status Scale; BSS: Brooke Scale Score; BS: Brunnstrom Stage; UPDRS: Unified Parkinson’s Disease Rating Scale; DASH: Disabilities of Arm, Shoulder, and Hand; ICARS: In-
ternational Cooperative Ataxia Rating Scale; CAS: Cutaneous Afferent Stimulation.

DIS: the type of disease.

IL: impairment level assessed using clinical scales, e.g., FMA 0-11/24, the impairment level was 0-11 assessed by FMA with a total score of 24 (default 66).

CS: correlation with scales, describes whether synergy-related outcomes were compared with clinical scales.

N Task: describes how many different tasks were considered (e.g., Reaching and Hand-to-mouth = 2). Reaching in multiple directions is considered as multiple different tasks (e.g., Roh 2013 reaching in 54
directions, indicate 54). “x2” means that some directions were done in going and coming back (e.g., N- > O and O- > N).

N Cond: indicates in how many conditions the task was repeated for the muscle synergy assessments. “free” means the task was performed freely except for necessary constraints. “robot” indicates that the
task was performed with the assistance of a robot.

PAT: the number of patients (male + female; age: range or mean).

HS: the number of healthy subjects (male + female; age: range or mean).

MUS: the number of muscles. (12 + 12) indicates that bilateral limbs were recorded.

ALGO: the algorithm used to extract muscle synergies.

AN: whether the number of synergies changes?.

AW: whether synergy weights change?.

AC: whether synergy coefficients change?.
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Upper Body

Pectoralis major: PEC
Deltoid anterior: DEA
Deltoid medial: DEM
Deltoid posterior: DEP

Forearm

Brachioradialis: BRA
Brachialis: BRC

Anconeus: ANC

Supinator: SUP

Pronator teres: PTE

Flexor carpi ulnaris: FCU
Flexor carpi radialis: FCR
Extensor carpi ulnaris: ECU
Extensor carpi radialis: ECR

Upper Arm

Biceps brachii long head: BIL
Biceps brachii short head: BIS
Triceps brachii lateral head: TLA
Triceps brachii medial head: TME
Triceps brachii long head: TLO

Hand

| First dorsal interosseous: FDI
“ Extensor digitorum communis: EDC

Extensor indicis proprius: EIP

Flexor digitorum superficialis: FDS

Flexor digitorum profundus: FDP

Thenar eminence muscle group: TEM

% Upper Body
Tears major: TEA
Latissimus dorsi: LAT
Infraspinatus: INF
Erector spinae: ERE
Supraspinatus: SUS
Serratus anterior: SEA
Rhomboid major: RHO
Trapezius upper: TRU
Trapezius medialis: TRM
Trapezius lower: TRL

Heliyon 9 (2023) 16202

Front Back

Fig. 4. Muscles recorded for upper limb muscle synergy analysis.
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Fig. 5. The percentage of studies in which corresponding muscles are recorded. Since two studies did not specify exactly the anatomical landmarks,
they were excluded from the results reported in this figure (data refer to 49 studies).

number of recorded muscles was forty-one on both the affected and non-affected sides [106]. In all the other studies, four to sixteen
muscles were recorded. The number of muscles recorded in each study is shown in Fig. 3, while Fig. 4 summarizes the most frequently
recorded muscles in the selected studies. Fig. 5 shows the percentage of the studies in which each muscle was included for muscle
synergy analysis. Two studies recorded EMG activity from the electrodes that were evenly spaced around the forearm [97,105] and
were not related to specific muscles, thus they were excluded from the results presented in Fig. 5. We noticed that there is a set of
muscles that were frequently used in muscle synergy analysis, including Deltoid (anterior, medial, posterior), Pectoralis major, Triceps
brachii (lateral and long head), Biceps brachii (long and short head), Trapezius, Infraspinatus, Brachioradialis, and Latissimus dorsi for
upper limb movements; Extensor carpi radialis, and Flexor carpi radialis for forearm and hand movements. In contrast, some muscles
controlling hand movements were recorded only in a few studies.

4.3. Experimental Design and Tasks

The first finding of our screening regards the aims of the presented works. In fact, a vast majority of the papers are based on
measurements performed in a single session aiming at characterizing patients (describing their motor capability, as in Ref. [76]); in
some cases, also aiming at comparing particular experimental conditions (e.g., how muscle synergies change with and without robot
assistance). However, in a limited but not negligible number of longitudinal studies, synergies are used as a metric to evaluate the
course of therapy, as in Ref. [89]. Thus, it is possible to compare the design of the selected studies by dividing them according to their
design and aim. Interestingly, all the studies used synergies for assessment, rather than a tool for customizing therapies or
decision-making. We also noticed that most of the studies focused on stroke, and thus we investigated common features separately in
the studies related to this disease in order to provide more reliable comparisons of the study outcomes.
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With the aim of assessing the variability and similarity of synergy patterns, various experimental tasks were designed, involving the
movement of the shoulder, elbow, wrist, and hand movements. Reaching movements were largely investigated as they are involved in
most upper limb gross motor functions, and are commonly used to identify and quantify the degree of motor impairment and assess
compensatory strategies [16]. In some studies, reaching motion was along a single direction, in others, more variability was explored,
up to 54 directions [75]. Twenty-two studies investigated point-to-point reaching movements. In twelve of them, reaching in the
horizontal plane along one or multiple directions [51,92,96,103,107-114] was considered. Two studies were performed in the 3D
upper limb workspace [115,116], and seven studies investigated reaching in the frontal plane [60,86,88,100,117-119]. Other studies
investigated hand-to-mouth movements [120,121], upper extremity tasks used in the Fugl-Meyer Assessment [106], counterclockwise
and clockwise circle-drawing movements [122], arm weight support [123], isometric force generation [44,75,124,125], handgrip and
writing tasks [95,98,101,126], and crawling tasks [93]. In addition, multi-joint and multi-task upper limb movements were explored in
other studies, based on multiple functional movements that resemble clinical scales [127]. Summarizing, the considered tasks are not
uniform; usually, partially functional or non-functional gestures are analyzed, intended as motion primitives that represent or
approximate functional gestures.

4.4. Signal processing

Preprocessing of the raw EMG signals is needed before synergy extraction. Preprocessing includes filtering (to remove motion
artifacts and DC offset and to attenuate noise), rectifying, low-pass filtering (to obtain EMG envelopes), and normalization (to allow
inter-muscle, intra-subject, and inter-subject comparisons) [74,128]. In terms of filtering, while high-pass filters and band-pass filters
are commonly used to compute EMG envelopes, some studies also used band-stop filters [98,102,116] and notch filters [87,109,127,
129] to eliminate interferences from the power line and electromagnetic tracking systems. The Butterworth filter was the most
frequently used. Some studies also used a finite impulse response (FIR) filter [43,44,76,86,88,92,93,108] and Hilbert transform-based
filter [117] to minimize the loss of the EMG signals. In this review, 42 out of 51 studies reported the filter type and/or cut-off fre-
quency, as summarized in detail in Fig. 6.

EMG data normalization is performed to allow comparisons between subjects or sessions and for a meaningful interpretation of
EMG activation levels and corresponding synergy weights. EMG signals can be normalized to maximum voluntary contraction (MVC),
which is measured by performing a set of movements to elicit the maximum contraction of each muscle [130]. However, considering
the limitation of practical applications, especially for patients, MVC is often difficult to measure. In this review, twenty-one studies
reported the employment of alternative normalization methods, which were classified into five types: MVC (9.52%, percentage of the
studies) [99,102], maximum value (MAX, 38.1%) [60,89,90,92,93,98,119,131], average value (AVE, 9.52%) [101,127], or median
value (MED, 14.29%) [104,110,115] of the amplitude of the recorded EMG signals, and unit variance (UVA, 28.57%) [75,91,95,108,
124,125].

Cut-off frequency of band-pass filter (Hz) I BN Cut-off frequency of high-pass and low-pass filter (Hz)
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Fig. 6. The type of filter and cut-off frequency used in each study (42 studies reported the filter type and/or cut-off frequency). The upper panel
shows the cut-off frequency of the band-pass filter (purple bars). The lower panel indicates the cut-off frequency of the low-pass filter (red line) and
high-pass filter (green line). Shadow areas indicate the type of filters: BW, Butterworth filter; FIR, Finite Impulse Response filter. The studies which
did not report the filter type are also shown (named as Others). The number in the bars or below the red (green) line indicates the order of the filter.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4.5. Number of Synergies and Types of Extraction Algorithms

When extracting muscle synergies, NMF was the most frequently used algorithm. NMF was employed in over 90% of all studies
included in this review. In addition, other factorization methods were also used, including factor analysis [108], PCA [107,119],
hierarchical alternating least square algorithms (HALS) [112], and multivariate curve resolution-alternating least squares (MCR-ALS)
[131]. With respect to synergy models, all studies extracted spatial synergies in upper limb muscle synergy analysis, and few studies
also consider temporal and spatiotemporal synergies.

When determining the optimal number of synergies, in general, five criteria were applied based on the reconstruction VAF (or R?)
curve, which represents the fraction of total variation accounted for by the synergy reconstruction. VAF is defined as 1-SSE/SSTy,¢
where SSE is the sum of the squared residuals, SSTy,¢ is the sum of the squared residuals taken with respect to zero (uncentered) and R?
is defined as 1-SSE/SST3, where SST is the sum of the squared residual from the mean activation vector (centered). From here on, we
will use VAF as a generic term for both VAR and R2.

The first criterion is global VAF (VAF g). The VAF is repeatedly computed when increasing the number of synergies from one to the
maximum number of recorded muscles. Once the VAF is above a predefined threshold, the extracted synergy number is chosen. This is
the simplest and most widely used criterion, and almost all studies used it. The second criterion is incremental VAF (VAF i). In addition
to satisfying the global VAF, according to this criterion when adding an additional synergy to the chosen number, the increase of the
VAF should be below a predefined threshold. The third criterion is muscle VAF (VAF m). As incremental VAF, in addition to satisfying
the global VAF, to select the optimal number of synergies, this criterion requires the VAF of each individual muscle to be above a
threshold. The fourth criterion is based on the linear fitting error of the VAF curve [36]. We refer to this criterion as error VAF (VAF e).
First, portions of the VAF curve are fit using the least-square technique from the first point on the VAF curve to the last point. Then, the
algorithm proceeds by moving the first point to the second, and so on until the last two points are included. The number of synergies is
estimated as the first point on the VAF curve for which the MSE of the linear fit is below a predefined threshold. This criterion is usually
combined with one of the first three criteria. The fifth criterion is chance VAF (VAF c) [76,98,108]. Two VAF curves are generated in
this method, one for the original EMG and another for the randomly shuffled EMG samples representing the baseline VAF curve ex-
pected from chance. The slope of the baseline VAF curve is almost constant. The optimal number of synergies is defined as the point at
which the slope of the VAF curve drops below 75% of the slope of the baseline VAF curve [76]. Fig. 7 summarizes the studies in which
the abovementioned criteria were used.

4.6. Findings achieved with muscle synergies

The muscle synergy framework proposes that the control of the musculoskeletal system is generated by combining a set of syn-
ergies. In the spatial model, the sole used in all the screened papers (except one [60], which also employed temporal and spatio-
temporal synergies), each synergy activates a set of muscles with specific weights, and synergies are recruited with time-varying
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® Panetal., 2018 ® [rastorza-Landa et al., 2021 ® Berger et al., 2020

® Tangetal., 2017 ® Scano etal., 2018 ® Seo etal., 2022b ® Pellegrino et al., 2018
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Fig. 7. Criteria to determine the optimal number of synergies and related studies. Some studies used multiple methods.
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activation coefficients. Synergy weights and activations may be determined at the neural level by the activities of populations of
neurons in different structures of the motor system, ranging from the motor cortex to the spinal cord [38,60,76,132]. However,
neurological diseases interfere with the neural processing and the generation of appropriate motor commands, e.g., affecting the
descending signals from the motor cortical areas to the spinal cord after cortical stroke [43], which may lead to abnormal muscle
activations and stereotyped motor patterns. In this section, we briefly report the main characteristics and findings of the selected
studies that are summarized in Tables 2-4 To compare studies with a similar design, we divided them into single-session studies and
longitudinal studies.

4.6.1. Single-session studies: evidence of muscle synergy modifications in stroke

In single-session studies with stroke patients (referring to Table 2), muscle synergies have been employed as biomarkers to assess
motor capability and impairments, or to compare specific conditions. Papers in this section investigate a variety of topics that range
from the characterization of patients with respect to healthy subjects, to testing of various assisted training conditions. Despite the
studies are not homogeneous, it is still possible to identify some common findings that are summarized in the next paragraphs.

4.6.1.1. Number of synergies. Some studies aimed at characterizing synergistic patterns in pathologies comparing people with motor
disability and healthy people, and showed an increase or decrease in the number of synergies when considering patients with respect to
healthy controls. However, this is not always true as many studies extracted the same number of synergies from both the control and
experimental groups, or did not find significant differences when the number of synergies was compared between groups. Interest-
ingly, even the most cited studies, which have been used as a reference for many following studies and are based on similar designs,
have not always reached the same conclusions. For example, no difference in the number of synergies was found in post-stroke patients
in one seminal study [76], while it was found in a follow-up by the same authors [43], in which a cohort of patients with different levels
of impairment was enrolled. Despite the heterogeneity which characterizes this group of studies, the conclusion shared by most of them
is that the number of synergies is equal or lower in patients and tends to correlate with the increase of the severity of the pathology
[43], usually being reduced in number. Thus, the number of synergies may be equal or decrease, and this proves the relevance of the
number of synergies as a biomarker for motor disability.

Some studies in the stroke group aimed at comparing mainly the differences between healthy controls and patients considering
synergy weights, so the number of extracted synergies was fixed a-priori in both groups. This assumption simplified the analysis,
allowing us to compare synergy composition straightforwardly. However, this approach neglects modifications in the dimensionality
of the motor commands, as the number of synergies is chosen a-priori. In general, for the upper limb, the number of synergies is highly
dependent on the number of selected trials and the optimal criteria for the selection of the number of synergies cannot be easily
determined a-priori.

4.6.1.2. Synergy structure. There is a general agreement among all studies in this group on the fact that synergies are modified when
motion condition change in studies with stroke patients, based on single session design.

Cheung et al. [43] proposed three changing patterns in the structure of synergies after diseases: preservation, merging, and
fractionation. They reported preservation of the muscle synergies in stroke patients with mild-to-moderate impairment (synergies are
“intact” in patients); instead, merging (two or more synergies observed in the unimpaired limb appear as “fused together” into a single
synergy of the impaired limb) and fractionation (one unimpaired limb synergy is split into more impaired limb synergies) were
observed in severely impaired patients, and they depended on the level of the impairment [86,133]. While merging and fractionation
are features that may also reflect the criteria used for extraction, it appears as a robust biomarker for motor disability. In fact, the
alteration of synergy activations was also observed in subjects with upper limb impairment in further studies [75,104,108,116].

Abnormal synergy structures were characterized in various experimental studies, defining more in detail which joints are mostly
affected. Roh et al. [44,75] showed the alteration of synergy weights in stroke patients during isometric force generation, especially
regarding two synergies related to shoulder motion. In detail, shoulder adductor/flexor synergy was dominated by the activation of the
pectoralis major, while the anterior deltoid was coactivated with medial and posterior deltoids in healthy controls. The alteration was
related to the impairment level, further suggesting that synergies are valid biomarkers for motor capability [44]. In other studies,
Scano and Kim compared muscle synergy structures between stroke and healthy subjects in reaching movements with clustering
analysis [112,117] and found that corresponding clusters of mild and control groups showed the highest similarity compared to the
severe group, thus suggesting that synergistic patterns available in functional gestures may characterize the disability of patients also
in monodirectional tasks.

Many studies have shown that alterations of synergy weights and activation profiles may be biomarkers related not only with
standard clinical assessments (such as clinical scales), but also to peculiar conditions of patients or the experimental constraints, and
that these factors are not negligible when performing synergy analysis. Pellegrino and colleagues [110] explored the influence of
hemispheric localization on muscle synergies in stroke patients when performing planar reaching movements with and without as-
sistive or resistive forces. They reported that in the absence of force (free motion), the right brain damage group had weights of muscle
synergies that were less altered than the left brain damage group in both arms and were more similar between sides [110]. They
suggested that brain reorganization and compensatory strategies can induce a relevant bilateral reorganization of muscle coordination
that is not mirrored with respect to the side of the lesion but is influenced by hemispheric specialization [110]. Pellegrino and col-
leagues [103] also indicated that although upper limb movements without external forces were a suitable and simple task to differ-
entiate between stages of diseases, these differences were more evident in isometric tasks or when the external forces change.
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Garcia-Cossio and colleagues [87] revealed that patients with damage to the sensorimotor cortex showed high preservation of
muscle synergies. On the contrary, patients with intact sensorimotor cortex showed poor muscle synergies preservation and an increase
in newly generated synergies. For external constraints, such as arm weight support, a larger number of synergies were usually observed
when higher support was provided in mildly impaired patients during reaching movement [123] or elbow isometric tasks [134].
However, moderate-severe patients expressed a constant single muscle synergy at all levels of support during reaching movement
[123].

4.6.1.3. Temporal coefficients. A common finding of our selection of single-session studies is that the analysis mostly focused on spatial
synergies rather than on temporal coefficients, which were assessed in detail only in a few studies. Available evidence indicates clearly
that temporal coefficients can also be used as biomarkers to detect motor impairment [60,118,121]. It was also reported that the
difference between the two arms of each subject in terms of activation coefficients was greater in stroke subjects than in controls for all
tasks [110]. Moreover, the similarity of the activation coefficients with those of the controls was task-dependent, which was slightly
higher when interacting with the resistive force field than in the other tasks [110].

The infrequent evaluation of temporal coefficients is a limiting factor as synergies may be invariant while their recruitment may be
altered. In fact, we noted that in most of the selected studies in which temporal components are assessed, they could change in
amplitude or similarity in patients compared to the control group even when no differences were found in spatial synergy structure
[76]. Especially in such cases, analyzing temporal coefficients is crucial as they may convey information about motor impairments.

4.6.1.4. Synergy correlation with clinical scores and instrumental assessments. Alterations of the number of synergies, spatial synergies,
and temporal coefficients can directly be used as quantitative biomarkers to classify and assess diseases. Considering the partial in-
formation achievable from single signal sources in describing the integrated neuro-biomechanical status and the dependence of
assessment outcomes on assessment tasks, some studies combined kinematic and physiological signals or were based on fused and
multidomain methods. Combining kinematics, kinetics, and synergy features, some studies quantified relationships between muscle
synergies and clinical scales [76], by extracting synergy-related parameters from muscle synergies and/or synergy activations to assess
motor function such as in Ref. [127]. They reported that synergy-based metrics were correlated with upper limb motor function and
clinical scores and were able to assess motor function effectively. Wang and collaborators proposed a multi-modality fusion method, in
which features extracted from muscle synergies and kinematic synergies fused to objectively quantify upper limb motor impairments
of stroke patients [119], and the assessment results exhibited a significant correlation with the clinical score. In contrast, Maistrello
and colleagues showed that only one synergy-based parameter could capture the same information conveyed in other domains,
suggesting that synergies provide specific data that cannot be accessed or derived from traditional approaches [91]. As the available
evidence is still limited and sometimes contradictory, it is indeed an open question whether and to what extent synergy-based metrics
provide additional information on pathologies that cannot be deduced with standard clinical assessments.

4.6.2. Single-session studies: evidence of muscle synergy modifications in other pathologies

In single-session studies with patients with other pathologies (Table 3), muscle synergies have been employed as biomarkers to
assess motor capability and impairments, or to compare specific conditions. Studies in this section investigate a variety of topics that
range from the characterization of patients with respect to healthy controls, to testing of various assisted training conditions. As they
analyzed different diseases, it is difficult to provide a systematic comparison. However, we summarize the common findings, when
possible.

4.6.2.1. Number of synergies. For this group of studies, the number of synergies was similar between the considered groups, with the
exception of studies with cerebral palsy patients [92] and amputees [97], in which synergies were lower in number for patients. It is
indeed clear that not all pathologies reduce the number of synergies available to patients. However, there is a general lack of scientific
evidence to draw reliable conclusions and most of the studies have no confirmation from the literature due to the lack of follow-up
studies.

4.6.2.2. Synergy structure. Papers on other diseases conclude in most of the cases that synergies are altered with respect to healthy
people or across experimental conditions. Although stroke and SCI constitute most of the applications, abnormal patterns were
captured with synergistic approaches in other neurological diseases, as reported in Table 3. Tang et al. reported fewer abnormal
synergies in children with CP than in typically developing children during three upper limb motion tasks [92]. Pellegrino et al.
observed reorganization of muscle synergies and alteration of synergy activation in MS subjects but no difference in the number of
synergies between the control and MS subjects [103,104]. Abnormal muscle synergies were further observed in the upper limb in other
neurological diseases, such as PD [100], SCI [95], LE [101], FSHD [102], MS [104], and muscle pain [96]. As reported for stroke
patients, modifications were found in shoulder synergies used for proximal control in patients with muscle pain [96], indicating that
the shoulder district is critical for motion control of impaired people.

4.6.2.3. Temporal coefficients. Very few studies evaluated temporal coefficients in pathologies other than stroke. Whereas intact
structures and the number of muscle synergies were found, abnormal muscle activation patterns affected the timing and amplitude in
most of the cases. All the studies agree in finding altered temporal coefficients with the exception of studies on patients with dystonia,
in which only the amplitude of peaks produces a slight reduction [98]. In writer’s cramp, patients could generate normal and complex
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hand postures in non-writing tasks, which showed that these subjects were available to a full repertory of muscle synergies with a
normal structure, while abnormal contractions occurred during writing, resulting from decreased surrounding inhibition at the level of
the motor cortex [135,136].

A promising approach that employed multiple synergistic models (i.e., spatial, temporal, and spatiotemporal synergies) showed
that cerebellar damage affects the temporal and spatiotemporal organization, but not the spatial organization, of the muscle patterns
[601, suggesting that such analysis based also on temporal information should be considered in future works.

4.6.3. Muscle synergies for assessing longitudinal clinical interventions: few synergy changes were found

Some studies used muscle synergies as an outcome variable for assessing longitudinal treatments (Table 4). However, this sample of
studies is limited (12 in total), and almost all of them (11/12) describe assessments on stroke patients. The design of the studies in-
cludes three main approaches, based on free movements, robot-assisted training, or virtual reality training, or a combination of those.

A group of studies used robot-assisted interventions, which allow to deliver of high-intensity and standardized training with the aim
of improving motor function of patients. They examined the efficiency of robot-assisted interventions in improving motor performance
and increasing the complexity of muscle synergies. However, the underlying relationship between improvements of motor outcome
and the reorganization of muscle activity due to the treatment for longitudinal studies is still unclear [108]. In fact, while the results
showed that the synergy-based intervention improved clinical scores and movement kinematics, the underlying muscle synergies did
not show a clear trend in modification in number and/or composition after treatment. Four studies reported a difference in the number
of synergies after treatment, and only two show a change in the spatial synergy composition, that was more healthy-like [115] or
modified in a subject-specific way [108]. Moreover, post-stroke subjects who followed robotic rehabilitation showed larger im-
provements in axial-to-proximal muscle synergies with respect to those who underwent usual care, but treatments had negative effects
on muscle synergies controlling the distal part of the limb [89]. No clear evidence of altered temporal coefficients is available as the
available evidence is limited.

Patients from these studies cover a wide range of disability levels (severe to mild disease, even within each study) and thus no clear
relationship can be deduced to correlate synergy-related measures and clinical achievements with the motor functionality of the
enrolled subjects. A common conclusion is that training may affect synergy-related metrics, which is a relevant clinical result that
justifies future investigations in the field. However, few studies are available for conclusive inference and most studies suffer from
some limitations, which include few investigated gestures, limited assessments, few enrolled subjects, and heterogeneous training
conditions, making this field of research a potentially relevant, but still largely unexplored field.

5. Discussion
5.1. Muscle synergies in upper limb clinical rehabilitation: why they are needed

Motor deficits and dysfunction caused by neurological diseases can be assessed using clinical tests such as the Brunnstrom stage, the
Fugl-Meyer scale, and the Reaching Performance scale. However, these scales suffer from ceiling/floor effects and lack sensitivity in
quantifying detailed characteristics of patients. These features limit the level of detail of subject-specific assessments and treatments.
Scale-based assessments also require a professional therapist, and the outcomes are subjective and therapist-dependent. It was reported
that in neurological rehabilitation, observing longitudinal changes in motor performance is difficult in terms of patient burden and cost
but necessary for the recovery of motor function. In addition, clinical scales focus on behavioral and kinematic outcomes and only offer
some descriptive information about movement execution. Limited results have been presented regarding how abnormal performance
arises in the context of motor control physiology, and how the CNS regulates motor relearning and neuroplasticity induced by the
rehabilitation process [22,106].

Time- and frequency-domain analyses of muscle activity can help clinicians and researchers to describe muscle contraction
characteristics. Interpretation of the functional implications of multiple muscle activities during motor tasks and the high dimen-
sionality of control space and variability are complex and multifactorial processes [53]. The combination of muscle synergies provides
a framework to describe motor control and coordinated muscle activations, accounting for the hierarchical and modular organization
of the CNS. Many studies have described spatial, temporal, or spatiotemporal structures reflected in muscle synergies and reported the
relevance of alteration of muscle synergies as indicators of pathological impairments in the number of synergies, synergy composition,
and synergy recruitment. Muscle synergy analysis extends clinical assessment and diagnosis from clinical scales, kinematics, and
dynamics to the neurophysiological level, providing insights into hierarchical modular control and the interpretation of pathological
spinal and cortical patterns.

In fact, with respect to kinematic assessments, synergies reveal the complexity of motor control and relate directly to the neural
implementation of the control structure, assessing the dimensionality of the control space, and the spatiotemporal organization of
coordinated modules. Muscle synergies also allow to separate neural and musculoskeletal deficits. Moreover, it is known that similar
motor outputs can be achieved with different control patterns (as the muscle system is redundant and abundant [137]). These complex
coordination features cannot be assessed with kinematics alone. On the same line, single-channel EMG is successfully used for
diagnosis of the diseases, but cannot describe the coordination of control modules, which is a typical source of impairment found in
neurological patients (e.g., post-stroke patients). Almost all the studies selected in this review concluded that muscle synergy analysis,
despite the potential of the methods was only partially exploited, encompasses the key elements for a refined characterization of
neurological diseases and, as a consequence, provides clinicians with a tool that can be tailored for effective rehabilitation.
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5.2. Clinical evidence achieved with muscle synergies

Muscle synergy analysis may be a useful method for motor function assessment to discriminate a variety of pathological changes
induced by lesions of the nervous system, that can be analyzed in terms of synergy number, structure, and activation, clearly adding
clinical evidence on the pathophysiology of the diseases.

5.2.1. Single-session studies: stroke

In rehabilitation scenarios, starting with the work of Cheung and collaborators on the upper limbs [76] and Clark and collaborators
on the lower limbs of post-stroke patients [45], muscle synergies have been viewed as biomarkers for disability and employed as an
assessment method for measuring the motor capability of impaired people.

Clark and collaborators showed that a decrease in the number of synergies in the paretic lower limbs of stroke patients depended on
the degree of impairment [45]. Fewer muscle synergies in the paretic limb resulted from the merging of muscle synergies in the
nonparetic limbs. A reduction in the number of muscle synergies resulted in dysfunction of independent neural control of distinct
biomechanical functions, resulting in a reduction of motor control complexity and poor motor performance. Changes in the number of
synergies may result from abnormal descending signals from the motor cortex to the spinal cord [76], which affect the number of
independent muscle synergies that can be recruited and increase co-contraction of a large group of muscles. These facts are commonly
accepted and shared also in the lower limb domain.

For the upper limb, Cheung and collaborators could relate muscle synergy analysis to clinical assessment [43]. They found pres-
ervation, merging, and fractionation of muscle synergies in a group of stroke subjects with different impairment levels during upper
limb reaching movements [43]. The preservation of muscle synergies was observed in mildly impaired subjects, whereas merging and
fractionation were observed in patients with severe stroke. For the first time, patients could be grouped according to their neural motor
control structures, and the description of pathology could be made with more detail.

The intuition that the number and composition of synergies can be successfully used as biomarkers for assessing motor disability
was confirmed in recent muscle synergy analyses, that have shown that impaired motor performance (e.g., velocity, accuracy,
asymmetry, and smoothness) in neurological patients is related to changes in the number of synergies [45,138,139], in synergy
composition [43,44,86,109,118], and in synergy activations [43,44,109,118]. Furthermore, alterations of muscle synergies are related
to clinical assessment, that is, a higher number and greater complexity usually are associated with better assessment outputs, such as
the Fugl-Meyer scale [44,109] and Brunnstrom stage [86]. This is expected as the observable outcome variables (range of motion,
smoothness, kinematics) are related to the control structures.

We remark however that it is difficult to draw clear and conclusive take-home messages for this section since the selected studies
did not use the same design, including aim, enrolled patients, and tested conditions; and sometimes, studies with similar design, or
from the same authors, did not reach the same conclusions. It is indeed likely that synergies should be evaluated in the framework of
multifactorial approaches to extrapolate their informative content in a broader view that incorporate other instrumental or clinical
outcome variables. Contradictory findings might be due to different cohorts of enrolled patients, and differences in the experimental
design that make investigations not directly comparable. We also think that the findings from single-session studies may be sometimes
biased by experimental protocols relying on few gestures and a low number of repetitions with respect to the more structured protocols
typically found in synergy analysis studies involving only healthy participants, which typically involve more motion variability but are
more challenging with patients. While this is understandable due to limitations found in clinical scenarios, the cooperation of patients,
complexity of gestures and available times and equipment are crucial in clinical environments for allowing standardization of methods
and the presentation of common patterns that are shared between studies in a reliable way.

5.2.2. Single-session studies: other diseases

There is a consensus on the fact that patients with lower functional levels are associated with modifications of spatial synergy
structures and often reduced in number. In contrast to this finding, some studies also reported that spatial synergy modification was not
observed with treatments using similarity analyses. The main observation for this class of works is that in other studies, variability
between controls and subjects was reported mainly in the temporal or spatiotemporal organization, rather than in spatial synergies,
indicating that spatial motor modules are not altered, while their temporal organization of muscle recruitment is. Interestingly, this
category falls the only study that employed multiple models for evaluating synergies, comparing spatial, temporal, and spatiotemporal
[60]. The spatiotemporal analysis was the one with the highest sensitivity to motor control alterations. It would be necessary in the
future to explore how various algorithms and methods capture motor control features exploiting at best their characteristics for clinical
applications.

The literature reports a variety of results, sometimes in disagreement, due to several factors, including the study design, the
characteristics of the enrolled patients, the aims of the intervention or the evaluation, and the data processing methods. To achieve a
reliable comparison of results it would beneficial to adopt standard guidelines for experimental protocols and data processing pro-
cedures. However, due to the limited amount of available evidence, it seems that modifications depend on many factors that are typical
of each specific pathology and the enrolled group. Clearly, this shows a gap between the potential of the methods and the limited
impact of the results achieved so far.

5.2.3. Longitudinal studies
Muscle synergy analysis has also been used in longitudinal studies to assess the effects of rehabilitation therapies. Some studies

have shown that various rehabilitation interventions (traditional rehabilitation, high-intensity exercise, VR, and robot-assisted
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therapy) improve motor function and in some cases induce alterations of synergy-related parameters of the upper or lower limbs in
stroke subjects [7,115,120,140,141], such as an increase in the number of synergies and/or improvement in synergy structures that
show more complex patterns, or only modifications of temporal coefficients.

As summarized in Table 4, many studies reported alterations of muscle synergy spatial structure after diseases or rehabilitation
therapies compared to the control group or baseline levels. Treatments are usually beneficial, but only in a few studies they achieved
restoring of physiological synergies in patients; not only, in one of the few longitudinal studies available, it was reported that ther-
apeutical effects may also couple with negative ones [89]. Two out of the three studies in which synergies were modified after
treatment are based on multidirectional tasks [108,115]. It is possible that adopting such paradigms, based on directional variability,
helps detect synergy modifications as they are more evident when a variety of directions of motion are explored. Even more inter-
estingly, in all studies but one, temporal coefficients were modified, indicating that synergies were recruited differently. These
modifications provide a rationale for employing training as it is possible to induce modifications in modular control structures; training
synergies might be a matter of improving the recruitment of existing synergies rather than aiming at their reshaping, at least for some
classes of patients.

Another limitation that we noticed regards the fact that the protocols for evaluating synergies might be different from the task used
in the training; as an example, in Belfatto and collaborators [121], synergies for the assessment are extracted during free motion, while
the study is based on a course of robot-assisted movements. This limitation is common to most studies. Moreover, the traditional
multi-directional planar set-up allows to detect modulation of synergies through directions, but limits 3D movement and coordination,
reducing a lot the clinical meaningfulness of the assessments for patients as the elevation of the limb against gravity is not considered.
Since improvements found were often subject-specific [108], it is still an open question to understand which classes of patients can
benefit more from robotic therapies.

In recent years, novel synergy-based intervention methods based on functional electrical stimulation have been proposed to restore
motor function. These studies showed promising results in improving motor performance and changing the complexity of muscle
synergy toward more similar patterns with respect to healthy subjects [51,111].

Another open issue is how to associate robotic or virtual reality [142] treatments with motor rehabilitation based on synergies; we
expect this will be a key topic to address, and future works should expand on the neural mechanisms induced with robot assistance and
other rehabilitation methods to improve the effects of longitudinal studies.

To fill the gap existing between the improvements in performance and the reduced or absent modification of synergies, recent
research has focused on investigating which mechanisms drive the modification in motor control due to robotic operators. Cancrini
and collaborators [143] were able to demonstrate that standard paradigms for assistance only slightly modify spatial synergies and
temporal coefficients in single-session trials. These results are in line with those from Moreno and collaborators [144] that evaluated
the effects of lower limb robotic assistance and support the use of robots to enhance motor recovery, as assistance (i.e., improvement of
outcome performances) is achieved without a strong modification of motor patterns measured with synergy assessment. Unfortu-
nately, the transfer of these concepts to clinical environments to create ad-hoc interventions is seen only in a few research studies and is
not integrated with clinical practice. In fact, there has not been a strong rationale for using synergies as a method for customizing
therapies so far; synergies have been only used for assessment.

5.3. Barriers for interpreting data and preventing systematic adoption of muscle synergies in clinical scenarios

5.3.1. Experimental protocols: a variety of approaches

Regarding patients and participants, this review investigated 13 diseases and included a total of 748 patients. Although seven
studies recruited over 30 patients, on average previous studies enrolled 15 patients. Objectively, this number is not high enough to
fully generalize the results, and only evidence on stroke patients is available in reasonable number to extract preliminary generalizable
results. In addition, the vast majority of studies ignored some pathological information (e.g., the type of lesion and position) when
analyzing and interpreting muscle synergies [86,145], while in the literature it was shown that the severity of impairment [44] and the
side of the stroke lesion [110] affects the structure of muscle synergies. These studies recruited patients with different impairment
levels and at different stages of recovery, which further weakened the explanation of the results which was often addressed with
subject-specific findings with limited generalization power. Second, most studies recorded 4 to 16 EMG signals from the upper limbs,
upper body, and hands. There was no standard set of recommended muscles for a specific task, even though previous work showed that
the number and choice of muscles affect the results of muscle synergy analysis [72]. Besides, experimental tasks, biomechanical and
task constraints [123,146], and body position [146] are all features that influence synergy patterns. Thus, the lack of uniformity in the
various studies represents a strong limitation when attempting to summarize and generalize the results of the research performed so
far.

Moreover, in the vast majority of the cases, synergy-based assessments are not driven by clinical EMG-based analysis (with the
exception of [106]), and muscle synergies are only used to measure the effect of standard treatments, or to quantify differences in
single session studies. Future research should test synergistic approaches “in the loop” to guide therapies rather than being used only to
measure their outcomes, possibly through the design of synergy-driven treatments that aim at restoring specific modules that are
missing or recruited “incorrectly”.

5.3.2. Signal processing and synergy extraction: the opportunity for new approaches
When performing EMG preprocessing, several steps are followed to obtain EMG envelopes for synergy extraction, including high-

pass or band-pass filtering, rectification, low-pass filtering, and normalization. Excluding rectification, each step requires the selection
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of some parameters, such as the order and cut-off frequency of the filter and normalization methods, both of which affect the results of
synergy extraction [73,147]. Kieliba and collaborators [74] analyzed how variations in filter cut-off frequencies and normalization
methods affect synergy weights and inter-subject similarity using experimental data. They showed that the normalization methods
(MVC and MAX) and band-pass filters (20-500 Hz and 50-500 Hz) did not significantly alter synergy weights. However, normalization
alters the VAF, and an increase in the cut-off frequency of the low-pass filter decreased the VAF [74]; consequently, they affected the
number of extracted synergies. Santuz and collaborators [78] reported that a fourth-order filter configuration with a cut-off frequency
of 50 Hz (high-pass) and 20 Hz (low-pass) was the most suitable to minimize the combination of fundamental synergies for human
locomotion.

Currently, despite several methods being available for determining the number of synergies to extract, clear guidelines are not
available, especially when considering multiple datasets to compare. The selection of the number of synergies impacts on composition,
synergy sparseness, and temporal coefficients, as well as many features related to the pathology such as merging and fractionation.
Thus, it is suggested to verify the robustness of the results achieved at multiple VAF/R? thresholds or with multiple synergy selection
criteria [80]. Setting a golden standard method would allow a clear step toward standardized clinical use and inter-study data
operability.

Several synergy models have been developed, but not related to pathology with a strong neurophysiological foundation. In the vast
majority of papers, the NMF-based spatial model was used. The neurophysiological basis of this model was validated in pilot studies
with animals [29,32,33,38] and humans [39-42]. However, limiting the analysis to this approach can disregard neural processes
related to motor learning and recovery; in about all papers, the spatial synergy model was adopted. This “limitation” is however also an
opportunity as it opens the field for a variety of assessments and comparisons that may increase substantially the impact of the findings
achieved so far.

The temporal model is a dual of the spatial model as it assumes that temporal synergies are invariant and the muscle weights can
vary. This model is seldom used, even though there is much evidence in the literature that states that typically EMG activations are
organized in bursts reflecting a specific temporal organization [39,61,148]. The space-by-time model proposes that invariant synergies
are available both spatially and temporally, but it was applied only to healthy participants [149,150]. Asynchronous synergies can also
be extracted with time-varying synergies [29]. This approach emphasizes an inherent spatiotemporal structure and can reveal specific
alterations that may be associated with the diseases. Almost all of the above facts are based spatial synergy model that was applied in
the selected studies. In clinical practice, only a few applications are available for most of the developed algorithms, such as for
cerebellar patients [60]. A recent study found that three muscle synergy models (spatial synergies, temporal synergies, and spatio-
temporal synergies) captured different features in the abnormal muscle patterns of cerebellar ataxia patients [60]. They reported that,
while spatial muscle synergies did not differ between patients and age-matched controls, only spatiotemporal synergies could accu-
rately capture the altered muscle patterns of the patients, and the reconstruction quality of spatiotemporal synergies correlated with
the severity of impairments. At a neurophysiological level, none of these approaches was validated in a definitive way, even though
their applicability in the clinical scenario may unveil mechanisms underlying motor recovery. Novel approaches include Mixed Matrix
Factorization (MMF) [151], which creates a link between EMG activations and output variables (such as kinematics, output forces, or
joint torques). It is possible the development of novel algorithms will foster the use of synergies in the clinical environment. It was
shown that the choices and initialization of methods also influenced the synergy analysis [73,152].

5.3.3. Neural substrates of muscle synergies: limited understanding of the underlying pathophysiology

A huge gap exists in the identification of the neural substrates that implement synergies. While spatial and temporal synergies are
probably implemented at the spinal level [29,33,36,37], they might be different elements of a hierarchical structure dedicated to the
coordination of motor control. While spatial synergies are implemented as pools of motoneurons and interneurons connected at the
spinal level, temporal synergies might be part of a controller at the cortical level dedicated to implementing motor timing. Ad-hoc
experiments should be designed to provide a more comprehensive and global correlation between models and their neural imple-
mentation in order to better understand their potential applications. It would be useful to define which models better capture the
specific features of a pathology depending on the lesioned structures and exploit it accordingly. Unfortunately, it should be also noted
that the vast majority of muscle synergy studies are conducted by researchers with computational or bio-engineering backgrounds and
the connection between the method and the pathophysiology may be partially lost when interpreting the results. We thus suggest that
basic research should be fostered to increase the comprehension of the methods and connected them to the underlying physiology.
Lastly, a poor or null connection between muscle synergy findings is available with motor control theories such as Latash’s notion of
synergies [153], the uncontrolled manifold theory [154], the internal model theory [155], the equilibrium control hypothesis [156]
for global integration in a coherent framework. Lastly, gaps exist in the use of the methods and in the misinterpretation of the signals
that are analyzed. EMGs are usually input to the algorithms for synergy extraction without considering that EMG is the summation of
various components. In fact, EMG signals include phasic (motion-related) and tonic (static) components, that might be not generated
by the same neural pathways [157]; EMG signals derive from the firing of motoneurons driven by many neural sources, such as py-
ramidal and reflex-based pathways, reflecting different layers of neural organization. We conclude that muscle synergy applications in
clinics should be built on strong neurophysiological foundations and accurate modeling to produce shared and effective results.

5.3.4. Applicability and logistic challenges for applications of muscle synergies

5.3.4.1. Clinical vs motor control approach. Systematically performing muscle synergy analysis usually requires a large effort,
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including an appropriate experimental design, subject recruitment, experiment preparation, clinical time-compliant procedures, and
expensive equipment to record multi-channel EMG. Moreover, the complex setup usually employed in research studies [158], as well
as subjects’ availability to perform a variety of movements to elicit the repertoire of muscle synergies, cannot always be applied in
clinical scenarios.

In fact, a major challenge for the field is to coherently harmonize the peculiar features of the muscle synergy method and clinical
requirements when designing the experiments. Motor control studies on healthy participants aim at investigating a high variety of
motions, as it is inherent in the application of the muscle synergy method that multiple directions of motion and variability should be
analyzed to extract meaningful synergies; however, this is hardly achieved with patients, especially when with severe impairment.
Clinicians tend to concentrate on functional movements, or “decomposed” single-joint tasks to rehabilitate, that well represent
practical motion capabilities but are usually subsets of those used with healthy participants and lack repetitions and variability. Thus,
such sets of movements produce sub-optimal estimations of the repertoire of available synergies, or the extraction of task-specific
synergies that reflect features of EMG activations rather than invariant synergies recruited in a variety of tasks. These different phi-
losophies are found in our selection of studies, in which clinical-driven, single, high intensity tasks [86,117], that focus on clinical
needs, do not fully exploit the potential of the method as not enough motion variability is explored. On the contrary, when a rich
variety of motions are analyzed, such as by Roh et al. [75], motor control studies may achieve a complexity that goes beyond the
clinical needs and may be impractical with patients. Therefore, clinical tests should strive to find a compromise that captures the
essence of research protocols but still remains feasible to effectively transfer the synergy method to the clinic. In such a sense, protocols
that do not include enough variability, as well as standard multidirectional planar motion that misses motion variability in the 3D
space, or relevant clinical requirements of functional gestures, might not be suitable for applying muscle synergies to clinical scenarios.
A good compromise could be those from Irastorza-Landa et al. [127], in which synergies are extracted from a reasonable variety of
movements and gestures (motor control-based design), however reflecting functional gestures useful for the clinics (clinical-based
design). Thus, future directions may foresee to extract synergies from “complete” gestures, encompassing multi-joint and multi-limb
complex coordination.

Following these varieties of approaches, it is not surprising that the results of muscle synergy analysis were not always consistent
among studies, and the outputs were affected by this basic design choice, worsened by a further element of variability found in the
methods used in signal processing and synergy extraction.

5.3.4.2. Multi-session and environmental limitations. Longitudinal assessments based on muscle synergies show the same critical issues
related to signal processing and interpretation common to all muscle synergy-based studies, which worsen when inter-session as-
sessments are considered. It was recently shown that variability between experimental sessions (i.e., before and after treatment) may
affect the interpretation of the extracted synergies: given a set of tasks, even in healthy people, synergy inter-session similarity can be
lower than intra-session similarity, capturing changes that are not related to neural modifications [159].

Synergy patterns (including the number of synergies, synergy weights, and synergy activations) can be used as physiological
markers to assess motor function and the efficiency of rehabilitation approaches. Combining synergies with kinematic parameters, it is
possible to fully characterize motor impairment at both behavioral and muscular levels in individuals with neurological diseases.
However, studies have shown that muscle synergies are affected by numerous intrinsic factors and external conditions. Consequently,
rehabilitation procedures aimed at correcting abnormal synergy patterns into normal patterns should consider environmental and
external conditions. Even though it is still an open issue if complete recovery of motor abilities after neurological diseases may occur by
recovering muscle synergies matching those from healthy subjects (or healthy side) or other new solutions [103], muscle synergies
may be used for the development of personalized intervention protocols to promote the functional recovery. It is however agreed that
muscle synergies can capture neural modifications at many levels and should be included more in the clinical decisional process rather
than being only a metric for motor evaluation.

The partial inconsistency in the results on the one hand can be attributed to variability among the subjects. One recent study
showed higher variability between subjects than intra-subjects during multidirectional reaching movements in healthy subjects in a
poorly constrained scenario, indicating that large variability is commonly found in daily life movements [160]. For patients, variability
may be derived from subject-specific characteristics, disease type, lesion type and position, severity, time of onset, and other factors,
making it difficult to compare the outputs between studies. However, for a specific type of disease, such as cerebral stroke, the in-
consistencies can be reduced by standardizing experimental protocols and analysis methods such as similar intervention approaches,
movement protocols, and data processing pipelines. This process is complicated because patients may exhibit various levels of
disability, resistance to fatigue, cooperativeness, and compliance to the protocol. Methodological standardization of experimental
protocols has been the main obstacle impeding direct comparison of the results of the studies included in the current analysis.

5.4. Standardization of upper-limb muscle synergy analysis

As discussed above, it is hard to build a benchmark for upper limb muscle synergy analysis due to the lack of clear and uncon-
troversial evidence. However, standardization of these methods could promote comparisons among studies, consistent conclusions,
and speed up the translation of laboratory research to clinical applications. Recently, attempts at standardizing approaches for the
upper limb have been proposed for clinical practice and they include muscle synergy assessments [161].

When recruiting patients, detailed recordings including basic and pathological information, such as sex, age, onset time, degree of
impairment, lesion location, and rehabilitation program, should be elaborated, which contribute to the explanation of the outputs and
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comparisons among studies. In terms of the experimental setups, one recent study [162] revealed that in order to capture sufficient
variability of the task and reduce the influence of random factors, at least five repetitions and four reaching directions are required
when performing the reaching tasks; it is in any case needed to find a synthesis between the clinical needs and the requirements of
motion variability inherent to the muscle synergy method. As for the number and selection of muscles, there is also no standard
recommendation, while some upper limb muscles have been largely used to record muscle activities (Fig. 5) for gross motor function,
such as deltoid anterior/medial/posterior, pectoralis major, brachioradialis, biceps brachii, triceps brachii, trapezius upper, they can
be regarded as a reference when characterizing muscle synergies of upper limb movements. Recommendations for fine movements are
harder to provide as muscles suffer from cross-talk and should be chosen carefully.

The influence of EMG processing methods on muscle synergy analysis has not been fully assessed. Several studies reported that
high-pass or band-pass filter cut-off frequency and order had few influences on the muscle synergy outputs [74,78], while low-pass
filter cut-off frequency significantly affected the amount of variance accounted for, the number of identified synergies, and synergy
weights and activations [74,78,163-165]. In general, the higher the cut-off frequency of the low-pass filter, the lower the VAF, and
consequently the higher the number of extracted muscle synergies [163]. Thus, caution must be taken when choosing these param-
eters. Referring to previous works [44,75,86,92,109], 5-20 Hz is an option range.

For the normalization methods, previous studies only evaluated a subset of the methods considered in this review. Kieliba and
colleagues [74] assessed the influence of MVC and MAX, and Shuman and colleagues [165] compared the MAX and UVA. A
comprehensive evaluation is lacking. Generally, MVC is the most appropriate method, even though it is hard to measure. Thus, it is
suggested to use MAX to normalize muscle activation, which is also the most used method according to our screening, at least as long as
a sufficient variety of tasks and conditions is considered.

For the criteria to identify the optimal number of synergies, Hug and collaborators [163] reported a significant dependency of the
number of identified synergies to the low-pass filter cut-off frequency when fixed threshold (global VAF) or linear fitting methods
(error VAF) were applied, indicating the interaction relationship between cut-off frequency and criteria. Considering some unexplored
factors, when determining the number of synergies, we recommend using at least two of the five criteria summarized in this review to
identify the number of synergies (Fig. 7) and verify their agreement.

Even though several synergy extraction methods and synergy models were used in muscle synergy analysis, NMF and spatial
synergies were used in most of the studies. A recent study reported that NMF was the most appropriate method for synergies extraction
in walking and running [166]. It is easy to understand the physiological basis and pathological alterations of muscle synergies by
analyzing spatial synergies. However, novel algorithms and approaches must be tested to gain new insights and develop the field as it
was demonstrated that some approaches may show effects not visible with standard spatial synergies.

Muscle synergies analysis in the theoretical foundation and methodological is still an open issue, thus the above suggestions are for
reference only and a large effort is needed in future studies.

We also noted that the few studies that analyzed temporal components always found their modification with respect to reference
conditions. In some cases, when comparing conditions, invariant spatial synergies are matched with modified temporal coefficients;
these would be evidence of structured spatial control but handled with different recruitment. The analysis of temporal coefficients
when assessing synergies is then encouraged, as it is almost always done in gait studies. However, it should be mentioned that temporal
coefficients might be hard to compare since they refer to paired synergies (across subjects or conditions) that share a similar, but not
identical structure. Interestingly, in a study, the spatiotemporal organization was studied on cerebellar patients, and the authors noted
that this analysis could reveal differences not evident with standard spatial synergies and temporal coefficients [60].

Standardization of analyses is harder to achieve with upper limbs, due to the high versatility and variability of the tasks that can be
performed. However, the upper limb domain probably emphasizes the role of synergies, that allow to assess coordinated spatiotem-
poral parameters used for motion control.

5.5. Future work

Although muscle synergy analysis is emerging as a promising and useful tool in the clinical field, several opportunities and
challenges need to be addressed in future work.

First, the main gap to fill is the lack of clear guidelines for the use of muscle synergies in clinical applications. Given that studies
found alterations of muscle synergies after diseases, and muscle synergies are relevant biomarkers for clinical scenarios, there is no
general consensus on how these changes are produced and how they change when patients with different lesion locations and levels or
different diseases are considered [110]. The generation and recovery of disease is a long-term process, especially for neurological
diseases. However, to date, studies have focused on some specific stages, such as the early or chronic stages of stroke. Tracking the
evolution of a disease is more important for clinical prediction, assessment, and therapy. These require large trials, data recordings,
and detailed patient information including measurements and clinical data. Moreover, so far, muscle synergies have mainly been used
as biomarkers or descriptors, but therapies and treatments have rarely been designed to exploit muscle synergies. A promising new
direction to exploit muscle synergies for therapy comes from myoelectric control and virtual reality [167,168]. In a virtual envi-
ronment, assistance to an impaired limb may be provided by re-mapping dysfunctional muscle patterns into functional ones according
to their similarity to personalized reference synergies, thus promoting adaptive plasticity [142,169]. Synergy-based myoelectric
control may be also used to allow impaired individuals to control assistive devices [170]. Finally, synergies are rarely -or
never-included in the clinical decision-making process, limiting the impact of muscle synergies on clinical practice. A clear trade-off
between clinical needs and methodological specificity of muscle synergy analysis should be found and resolved in order to produce a
meaningful study design and comparability between results.
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Second, most studies usually only measured EMG signals. Although some studies captured kinematic data, they were only used for
motion segmentation. Diseases usually induce multidimensional changes in physiological and kinematic measurements. The simul-
taneous measurement of these signals [121,171], such as EMG, EEG, ECG, kinematics, and clinical scales, is required to learn more
about disease generation and recovery. Furthermore, this will contribute to the applications of muscle synergy analysis as clinical
biomarkers. Further developments may also include novel algorithms that factorize EMG together with signals from other domains,
such as kinematics as in the mixed-matrix factorization (MMF) algorithm [151].

Multidomain approaches are also connected to the prediction of the outcomes. Many studies have attempted to identify the re-
lationships between biomarkers of recovery and the course of therapy. For example, Trujillo and collaborators established a rela-
tionship between EEG-based indices and the effects of therapy [172], which provided valuable information for clinical
decision-making in rehabilitation fields. Similar concepts could be exploited when using muscle synergies. Muscle synergy patterns
could be related to some expectation of recovery under various therapeutic methods and help clinicians to enroll patients in specific
treatments that are more likely to enhance their recovery.

6. Conclusion

This review focused on muscle synergy analysis of human upper limbs in clinical assessment, diagnosis, and rehabilitative therapy.
In general, the reviewed studies have demonstrated alterations of muscle synergies after disease compared to healthy subjects and
revealed the feasibility and the potential of muscle synergy analysis in clinical applications for assessment and decision-making.
However, the disease type, severity, lesion location, and other pathological factors might influence the expression of muscle syn-
ergies. Current studies mostly ignored these issues, which should be addressed to progress toward synergy-based rehabilitation.
Moreover, the experimental protocols and methods used to extract muscle synergies varied among studies, and these differences have
constituted a major obstacle to comparing the results among studies. Clear results from longitudinal studies are missing for transferring
experimental research to clinical scenarios. Thus, there is a clear need for the development of standard experimental protocols and
optimal signal processing methods, which would greatly increase the impact of muscle synergy analysis in clinical practice, as well as
relating more directly synergy models to the specific pathologies and the underlying pathophysiological mechanisms. Even though
current synergy models can explain some motor control mechanisms and capture abnormal synergies, the neural implementation of
motor control processes by specific CNS structures remains largely unknown. Multimodal or multiparameter methods should be
developed to deepen the understanding of the neural organization of muscle synergies and to promote the application in rehabilitation
in future work.
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