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Abstract

Background: Post-stroke spasticity is a frequent and disabling consequence of stroke,
including when affecting the lower limbs, where it may impair stance, gait, balance, postural
control, functional independence and quality of life. Botulinum toxin type A (BoNT-A) is
widely used as a focal neuromodulatory treatment for post-stroke spasticity. However, the
relationship between BoNT-A-induced reduction in muscle hypertonia, objective changes
in spastic muscle’s biomechanical properties, and functional outcomes such as mobility and
balance remains insufficiently clarified. This systematic review aimed to synthesize recent
evidence regarding the non-invasive assessment of spastic muscle properties following
BoNT-A administration in post-stroke patients, with emphasis on mobility and balance
outcomes. Methods: A systematic literature review was conducted according to the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.
The search was performed in international electronic databases and included studies
published between 1 January 2023 and 31 December 2025. The search strategy used specific
keywords and keyword combinations/syntaxes, contextually, related to the topic of interest.
Results: A total of 32 studies met the eligibility criteria and were included in the final data
analysis and synthesis, comprising 13 primary clinical studies—6 randomized or controlled
interventional studies and 7 observational studies—together with 12 reviews or evidence
syntheses, 3 technical or clinical framework papers, and 4 survey, epidemiological, health-
services or health-economic studies. Overall, the included articles addressed BoNT-A
treatment in post-stroke spasticity, with partial focus on muscle properties, gait, mobility,
and functional outcomes. However, only a limited number of studies investigated objective
non-invasive assessment methods, and few directly related muscle-property changes in
balance and mobility outcomes. Formal risk-of-bias assessment and quantitative synthesis
were not performed because of the substantial heterogeneity of the included evidence,
with only two studies being potentially suitable for pooling and these addressing different
muscle groups, interventions, and outcome domains. Discussion and Conclusions: The
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reviewed literature confirms the clinical relevance of BoNT-A in the management of post-
stroke spasticity. However, most studies assess treatment effects mainly through clinical
scales, while objective evaluation of muscle stiffness, elasticity, viscoelastic properties,
and their relationship with mobility and balance remains limited. Although some studies
address gait, functional recovery, or muscle-related changes, the combined use of BoNT-
A treatment, myotonometric assessment, and proprioceptive–stabilometric evaluation is
largely absent. Therefore, current evidence highlights an important research gap and
supports the need for future longitudinal studies integrating non-invasive biomechanical
and balance assessment tools to better monitor treatment response and guide individualized
neurorehabilitation in post-stroke patients.

Keywords: post-stroke spasticity; post-stroke rehabilitation; viscoelastic muscle properties;
balance; stabilometry

1. Introduction
Stroke remains one of the leading causes of long-term disability worldwide and

represents a major public health burden due to its high incidence/prevalence frequency,
mortality, and persistent functional sequelae [1,2]. Characterized by an acute disrup-
tion of cerebral blood flow—either ischemic or hemorrhagic—stroke frequently results
in sensorimotor impairments that compromise mobility, balance, sometimes cognition
communication swallowing, and overall independence [3]. Although advances in acute
management have improved lifesaving, a substantial proportion of survivors experience
chronic neurological and/or psycho-emotional affects that significantly impact areas in-
cluding quality of life [4]. Among these, post-stroke spasticity is one of the most prevalent
and functionally disabling complications [5].

Spasticity is traditionally defined as a velocity-dependent increase in tonic stretch re-
flexes, resulting from upper motor neuron lesions [6]. However, contemporary understand-
ing recognizes post-stroke hypertonia as a complex phenomenon involving both neural
and non-neural components. Neural mechanisms include hyperexcitability of the stretch
reflex and altered descending inhibitory control. After stroke, damage to corticospinal and
corticoreticulospinal pathways reduces inhibitory modulation of the brainstem and spinal
cord, favoring increased excitability of reticulospinal projections and abnormal activation
of alpha and gamma motor neurons. This imbalance contributes to stretch reflex hyper-
excitability, exaggerated velocity-dependent muscle responses, and impaired reciprocal
inhibition [7]. Non-neural mechanisms involve structural and biomechanical changes
in muscle and connective tissue, such as increased passive stiffness, altered viscoelastic
properties, shortened muscle fascicles, residual intermolecular liaisons between actin and
myosin, and extracellular matrix remodeling [8–10]. Over time, these peripheral adapta-
tions may become partially independent of central neural drive, contributing to contracture
formation and persistent biomechanical constraints [11]. It should be noted that the patho-
physiological pattern of neurogenic muscle hypertonia is complex and may initially be
associated with the development of muscle shortening, altered viscoelastic properties, and
progressive contracture formation. In the early stages after stroke, denervated or paretic
muscles may remain for prolonged periods in shortened positions because of impaired
voluntary activation, reduced range of motion, abnormal postural patterns, and insufficient
antagonist muscle activity. This persistent shortening may promote structural adaptations
within the muscle–tendon unit, including loss of sarcomeres in series, increased passive
stiffness, changes in connective tissue composition, and collagen accumulation, making
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contracture one of the primary non-neural mechanisms contributing to increased resistance
to passive movement. Subsequently, particularly in the post-acute and chronic stages, the
loss of descending inhibitory and modulatory inputs from supraspinal motor centers leads
to an unmasking of hyperactive spinal reflex activity [12]. As this spinal activity is no longer
sufficiently counterbalanced by upper motor neuron control, especially through pyrami-
dal and other descending inhibitory pathways, stretch reflex excitability increases, motor
neuron thresholds may be reduced, and abnormal velocity-dependent muscle activation
becomes more evident. Consequently, the clinical pattern of spasticity gradually emerges
as the result of both neural mechanisms, such as reflex hyperexcitability, and non-neural
peripheral changes, such as muscle stiffness, shortening, and contracture [13].

In the lower limbs—the focus of this paper, as anticipated in the title—spasticity fre-
quently affects the plantar flexors, hamstrings, quadriceps, and hip adductors, leading to
equinus or equinovarus foot positioning, reduced knee flexion during swing, decreased
stride length, asymmetrical body loading, and impaired postural adjustments [14]. These
alterations directly impact gait efficiency, dynamic balance, and overall stability [15]. Conse-
quently, post-stroke spasticity is strongly associated with reduced walking speed, increased
fall risk, and diminished participation in daily activities [16]. Addressing both neural
overactivity and secondary biomechanical changes is therefore essential for comprehensive
neurorehabilitation-related interventions [6].

BoNT-A has become a cornerstone in the focal management of post-stroke spasticity.
Acting at the neuromuscular junction, BoNT-A inhibits acetylcholine release, producing
a reversible reduction in muscle overactivity [17–19]. Clinically, this neuromodulatory
intervention aims to reduce abnormal synergies, facilitate antagonist activation, improve
passive range of motion, and create a therapeutic window for targeted rehabilitation with
the purpose of restoring as completely as possible the complex, harmonized/ purposeful
movements towards recovering as much as possible normal motor control. BoNT-A is
particularly indicated when a limited number of muscles contribute disproportionately to
functional impairment [20].

Despite widespread use, the translation of reduced muscle tone into meaningful
functional gains—such as improved gait, balance, and mobility—remains variable [21].
Traditional clinical scales, including the Modified Tardieu Scale [22] and the Modified
Ashworth Scale [23], primarily assess resistance to passive movement and are limited by
ordinal scoring, examiner dependency, and inability to distinguish neural from mechanical
contributions to hypertonia [24]. As a result, there is increasing recognition of the need for
objective, quantitative, and non-invasive methods to monitor changes in muscle biome-
chanical and viscoelastic properties following BoNT-A, particularly after the first injection
cycle, when early responsiveness may inform subsequent therapeutic planning [25,26].

Non-invasive biomechanical assessment tools have emerged as promising adjuncts
in this context. Myotonometry, performed using devices such as the MyotonPRO digital
palpation device (Myoton AS, Tallinn, Estonia) [27], enables quantification of mechanical
and viscoelastic muscle properties through the application of a brief mechanical impulse
and recording of tissue oscillation responses. Parameters commonly derived include oscil-
lation frequency (reflecting intrinsic muscle tone), dynamic stiffness, logarithmic decrement
(related to elasticity), relaxation time, and creep. These measurements provide insight
into the passive mechanical behavior of muscle tissue and may help differentiate struc-
tural stiffness from reflex-mediated resistance. Importantly, myotonometric assessment is
portable, reproducible, and suitable for repeated measurements across time points, making
it particularly relevant for longitudinal monitoring after neuromodulation and/within
rehabilitation endeavors [28–31].
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Beyond muscle-level assessment, understanding the functional repercussions of biome-
chanical changes requires system-level evaluation of postural control and mobility. In-
strumented stabilometric platforms, such as the ProKin 252 proprioceptive-stabilometric
system (TecnoBody S.p.A., Dalmine, Italy) [32], allow objective analysis of balance per-
formance through center-of-pressure (COP) metrics, sway velocity, sway area, directional
control, and weight distribution symmetry [33]. These platforms can assess both static and
dynamic conditions, offering insights into proprioceptive integration, anticipatory postural
adjustments, and sensorimotor coordination. Given that lower-limb spasticity directly
influences ankle and knee strategies for postural stabilization, stabilometric measures may
be sensitive to functional changes following BoNT-A intervention [34–36].

The integration of localized biomechanical monitoring (e.g., Myoton [27]) with func-
tional stabilometric assessment (e.g., ProKin [32]) provides a comprehensive framework to
examine whether reductions in spastic muscle stiffness and altered viscoelastic properties
translate into measurable improvements in balance control and functional mobility. This
multidimensional approach aligns with contemporary rehabilitation paradigms emphasiz-
ing impairment-level, activity-level, and participation-level outcomes.

Although individual studies have investigated the effects of BoNT-A on spasticity
and functional outcomes, the literature remains heterogeneous with respect to assessment
tools, timing of evaluation, targeted muscle groups, and reported endpoints. Moreover, the
specific relationship between early biomechanical changes in spastic musculature after the
first course of BoNT-A and subsequent functional mobility and balance outcomes has not
been systematically synthesized [24,26]. A focused examination of non-invasive monitoring
strategies is particularly relevant, as these methods may offer objective biomarkers of
treatment response and inform individualized rehabilitation planning (especially in the era
of P4 Medicine) [37–39].

In accordance with the Preferred Reporting Items for PRISMA principles [40], the
present systematic literature review aims to synthesize current evidence on the non-invasive
monitoring of biomechanical and viscoelastic properties of spastic musculature in post-
stroke patients, following the first course of BoNT-A neuromodulation, and to examine the
reported repercussions on functional mobility and balance. By identifying methodological
approaches, outcome measures, and reported associations between muscle-level changes
and functional performance, this review seeks to clarify current evidence gaps and support
future research directions in quantitative neurorehabilitation-related assessment [41,42].

Ultimately, establishing robust links between objective muscle-property measurements
and functional balance outcomes may enhance clinical decision-making, optimize dosing
and muscle selection strategies for BoNT-A therapy, and contribute to more precise, person-
alized rehabilitation pathways for individuals recovering from stroke. Because spasticity is
a complex disabling condition, mainly by restraining both voluntary/active and passive
motricity/mobility, and sometimes by causing pain, which further enhances mobility re-
straints, it consequently impedes, through this interplay, at least two functionally important
basic abilities—standing and normal gait patterns, including balance impairment. There-
fore, the combination of BoNT-A, which is the main spasmolytic treatment, its consequent
favorable outcomes on mobility and balance, and the biomechanical viscoelastic muscle
properties, representing the principal non-neurological/rheological component of muscle
hypertonia and also being strongly connected to contracture, is clinically important. In
our systematic literature review, we sought to identify how this meaningful clinical and
functional issue is tackled in the available literature [43].
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2. Materials and Methods
2.1. Study Design and Research Question

In order to discover the current state of research and the level of knowledge regarding
our topic, a systematic literature review was conducted. The selection and filtering of rele-
vant studies were performed according to the PRISMA methodology [40] in order to ensure
a transparent and structured process of identification, screening, eligibility assessment, and
inclusion of scientific articles.

This systematic review addressed a specific research question structured according to
the PICO framework [44]. The main aim was to investigate whether the effects of botulinum
toxin neuromodulation in post-stroke hypertonia are evaluated not only through clinical
outcomes but also through non-invasive assessment of spastic muscle properties, with
particular attention to their relationship with mobility and balance. The PICO framework
is described below:

- Population (P): Adult patients aged ≥18 years with post-stroke spasticity, regardless
of stroke type, time since stroke onset, affected limb, or severity of motor impairment.

- Intervention (I): Botulinum toxin treatment used as a neuromodulatory intervention
for post-stroke spasticity. Particular interest was given to studies that evaluated the
effects of botulinum toxin through non-invasive assessment methods, including but
not limited to clinical spasticity scales, ultrasound-based evaluation, elastography,
myotonometry, biomechanical assessment, gait analysis, balance assessment, and
stabilometric evaluation.

- Comparison (C): Baseline pre-treatment status, post-treatment follow-up moments,
standardized clinical assessment instruments (using standardized instrumental tools
such as both myotonometry and stabilometry), conventional rehabilitation, and BoNT-
A administration combined with balance training based on advanced stabilometric
devices or different control/comparator interventions are considered, depending on
the design of each included study.

- Outcomes (O): Primary outcomes included changes in spasticity and spastic muscle
properties, such as muscle tone, stiffness, elasticity, viscoelastic behavior, passive
resistance, range of motion, and contracture-related features. Secondary outcomes
included functional parameters such as mobility, gait performance, balance, postural
control, motor recovery, functional independence, and quality of life when reported.

Therefore, the main research question of this systematic review is as follows: in adult
post-stroke patients with spasticity (P), does botulinum toxin neuromodulation, assessed
through non-invasive clinical, biomechanical, or functional methods (I), compared with
baseline status, standard assessment, or alternative therapeutic approaches (C), provide
measurable changes in spastic muscle properties and improve mobility and balance out-
comes (O)?

2.2. Search Strategy

A systematic literature search was performed using combined controlled vocabulary
and free-text search terms, applied contextually according to the syntax of each database.
The complete keyword combinations are presented in Table 1. Relevant studies were
identified through searches of international electronic databases such as ScienceDirect [45]
(last accessed on 13 April 2026), PubMed [46] (last accessed on 13 April 2026), PubMed
Central (PMC) [47] (last accessed on 13 April 2026), Physiotherapy Evidence Database
(PEDro) [48] (last accessed on 13 April 2026), IEEE Xplore [49] (last accessed on 13 April
2026), and Web of Science [50] (last accessed on 13 April 2026). Web of Science was
additionally used to verify the Institute of Scientific Information (ISI) [51] indexing status
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of the journals in which the selected articles were published. The search was restricted to
studies published between 1 January 2023 and 31 December 2025.

Table 1. Combination of keywords/syntaxes, contextually, searched within our PRISMA quest.

Keywords ScienceDirect PubMed PMC PEDro IEEE Total

“Botulinum toxin” AND “Post
Stroke” AND “Neuromodulation”
AND “Muscle Spasticity”

0 63 50 0 3 116

“Botulinum toxin” AND “Post
Stroke” AND “Neuromodulation”
AND “Muscle elasticity estimation”
AND “Viscoelastic properties”

0 0 0 0 0 0

“Botulinum toxin” AND “Post
Stroke” AND “Neuromodulation”
AND “Muscle elasticity estimation”
AND “Biomechanical properties”

0 0 0 0 0 0

“Botulinum toxin” AND “Post
Stroke” AND “Neuromodulation”
AND “Muscle elasticity estimation”
AND “Non-invasive monitoring”

0 0 0 0 0 0

“Botulinum toxin” AND “Post
Stroke” AND “Neuromodulation”
AND “Neuro-rehabilitation” AND
“Motor recovery”

0 0 4 0 0 4

“Botulinum toxin” AND “Post
Stroke” AND “Neuromodulation”
AND “Muscle Spasticity” AND
“Balance Impairment”

0 0 1 0 2 3

“Botulinum toxin” AND “Post
Stroke” AND “Neuromodulation”
AND “Neuro-rehabilitation” AND
“Proprioceptive-Stabilometric
Assessment”

0 0 0 0 0 0

Total 0 63 55 0 5 123

2.3. Eligibility Criteria

Eligibility criteria included (1) peer-reviewed journal articles, (2) studies involving
adult patients with spasticity following stroke, (3) administration of botulinum toxin as
part of the therapeutic intervention, (4) availability of the full text free of charge and (5) pub-
lication in ISI-indexed journals, in the English language, and within the above-mentioned
timed frame. Studies involving pediatric populations, non-stroke-related spasticity, con-
ference abstracts, editorials, and were not published in ISI rated journals nor written in
English were excluded. The study selection process, including identification, screening,
eligibility assessment, and final inclusion, was performed following PRISMA methodologi-
cal standards.
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2.4. Study Quality Appraisal

In addition to the PRISMA-based selection process, the scientific impact and method-
ological quality of each paper were also considered. In order to quantify the quality of
an article we took into consideration the impact that the article has, calculated using a
customized PEDro-inspired approach, based on the weighted number of citations per
year [52]. First, the number of citations per year (CPY) is computed for each article using
Equation (1):

CPYi =
TCi

YC − YPi
(1)

where CPYi stands for the citations per year of article i, TCi stands for the total number of
citations for article i, YPi is the year of publication of article i and YC is the current year
when the database interrogation was done.

Next, the average number of citations per year ACPY was calculated using Equation (2):

ACPY =
∑N

i=1 CPYi

N
(2)

where ACPY is the calculated value of the average number of citations per year and N is
the number of articles.

The ACPY indicator is then considered to be corresponding to the PEDro score of 5
and each of the articles PEDro score is calculated using Equation (3).

PEDroi = min
([

5 ∗ CPYi
ACPY

]
, 10

)
(3)

The final calculation includes also a rounding to the nearest integer value and it limits
the upper resulting value to 10; therefore, any article that has a PEDro score of more than
10 will be truncated to the max value of 10.

Methodological quality was further assessed using the PEDro scale, with studies
scoring at least 4 points considered eligible for inclusion, corresponding to a minimum
level of “fair quality” on the PEDro classification [53].

Following all previous PRISMA screening and eligibility stages (and PRISMA check-
list), as illustrated in Figure 1, the systematic search yielded a total of 123 records. After
duplicate removal, 118 records remained and were screened based on title and abstract.
Subsequently, 46 articles were selected for full-text assessment, while the 72 excluded
articles were removed according to our customized qualitative filtering method based on
citation impact and methodological quality, rather than because of language restrictions
or lack of free full-text availability. After full-text review, 29 studies fulfilled all eligibility
criteria and were included in the final synthesis.

The selection and evaluation of individual articles were conducted independently and
concurrently by three authors. Any disagreements regarding study eligibility, method-
ological quality, or final inclusion were resolved through discussion using a Delphi-type
consensus process [54].
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To enhance and consolidate the related knowledge base, additional freely available bib-
liographic resources from the literature were also used within a balanced overall approach,
mainly to support Sections 1 and 4.

To ensure additional methodological rigor and transparency, this systematic literature
review was registered in the International Prospective Register of Systematic Reviews
(PROSPERO) database under the number CRD420261389647.

 
Figure 1. PRISMA-type diagram [55] specific to our systematic literature review.

3. Results
The 29 articles included after applying the PRISMA selection method and the 3 articles

included after the manual searching, in this systematic literature review, are presented
in Tables 2 and 3. In order to frame within a reasonable length of this paper we have
chosen the below presented tables as the form of presenting the results of our quest. The
tables provide a brief description of each study, highlighting its main focus in relation to
botulinum toxin neuromodulation, post-stroke spasticity, muscle properties, non-invasive
assessment methods, and associated functional outcomes such as mobility and balance.

https://doi.org/10.3390/life16071120

https://doi.org/10.3390/life16071120


Life 2026, 16, 1120 9 of 26

Table 2. Brief description of the 29 studies included in our systematic literature review by database searching.

No. Study/Design Sample & Follow-Up Intervention & Target Muscles Outcome Measures Main Findings/Relevance Score

1

Effectiveness of Extracorporeal Shock Wave
Therapy after Botulinum Toxin Injection for
Post-Stroke Upper-Extremity Spasticity: A
Randomized Controlled Study
Lee J.; Yang S.N.
Design/type: Randomized controlled
adjunctive-treatment study.

Sample: 16 patients with
post-stroke upper-extremity
spasticity.
Follow-up: Baseline, 3 weeks
and 3 months after injection.

Intervention: BoNT-A injection
plus focused extracorporeal
shock wave therapy (ESWT)
versus BoNT-A injection alone.
Target: Individualized
upper-limb flexor pattern;
injected muscles included
biceps brachii, brachioradialis,
pronator teres, FCR, FCU, FDP
and FDS; ESWT was applied to
biceps brachii or FCR.

MAS, MTS, UE-FMA, MBI
and ARAT.

Both groups improved clinically in elbow
and wrist flexor spasticity after BoNT-A.
The ESWT adjunct showed additional
finger-flexor spasticity and MTS-R1
changes at follow-up, but between-group
functional gains were limited and
UE-FMA, MBI and ARAT did not show
significant functional improvement. This
study is useful for adjunctive upper-limb
spasticity management, but it does not
assess gait, balance or objective muscle
mechanical properties [56].

10

2

The effectiveness of early interventions for
post-stroke spasticity: a systematic review
van Tilborg N.A.W.; de Groot V.; Meskers C.G.M.
Design/type: Systematic review; secondary
evidence, not a primary clinical trial.

Sample: NA for individual
patient sample in this table;
includes multiple
early-intervention studies.
Follow-up: Variable across
included studies.

Intervention: Early
interventions for post-stroke
spasticity, including BoNT-A
and rehabilitation-based
approaches.
Target: Upper- and/or
lower-limb muscles depending
on included studies.

Mainly clinical spasticity
and functional outcomes
across included studies;
exact measures vary by
study.

The review supports the clinical
importance of early identification and
treatment of post-stroke spasticity,
including BoNT-A where appropriate.
However, because it is secondary evidence,
it should be used as background only. It
does not directly provide a single
extractable BoNT-A protocol with target
muscles, follow-up and objective
muscle-property outcomes [57].

10

3

The Elias University Hospital Approach: A
Visual Guide to Ultrasound-Guided
Botulinum Toxin Injection in Spasticity. Part
I—Distal Upper Limb Muscles
Popescu M.N.; Capet C.; Beiu C.; Berteanu M.
Design/type: Technical/visual guide;
contextual injection-method paper.

Sample: NA.
Follow-up: NA.

Intervention:
Ultrasound-guided BoNT
injection technique.
Target: Distal upper-limb
muscles involved in wrist,
finger and hand spasticity.

NA; procedural anatomical
guidance rather than
clinical outcome
measurement.

This article is relevant for safe and precise
ultrasound-guided targeting of distal
upper-limb muscles. It should be cited as
procedural background, not as evidence of
functional improvement, because it does
not report mobility, balance, follow-up
outcomes or objective muscle-property
assessment after BoNT-A [58].

10

4

Early versus late injections of
Botulinumtoxin type A in post-stroke spastic
movement disorder: A literature review
Wissel J.; Ri S.; Kivi A.
Design/type: Literature review; secondary
evidence.

Sample: NA for a single
patient cohort.
Follow-up: Variable across
cited studies.

Intervention: Early versus
delayed BoNT-A injection
strategies in post-stroke spastic
movement disorder.
Target: Post-stroke spastic
movement patterns; target
muscles vary by clinical
presentation.

Clinical spasticity, disability
and complication-related
outcomes discussed across
the literature.

The review supports the rationale that
earlier BoNT-A treatment may reduce
long-term spasticity-related disability, pain
and soft-tissue complications. It is useful
for Section 4 but should not be treated as a
primary study in the synthesis table
because it does not provide original
patient-level outcome data [59].

10
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Table 2. Cont.

No. Study/Design Sample & Follow-Up Intervention & Target Muscles Outcome Measures Main Findings/Relevance Score

5

Best Practice Guidelines for the Management
of Patients with Post-Stroke Spasticity: A
Modified Scoping Review
Suputtitada A.; Chatromyen S.; Chen C.P.C.;
Simpson D.M.
Design/type: Modified scoping
review/guideline-oriented review.

Sample: NA for a primary
patient cohort.
Follow-up: Variable/NA.

Intervention: Multimodal
management of post-stroke
spasticity, including BoNT-A,
rehabilitation and assessment
strategies.
Target: Upper- and lower-limb
spasticity depending on
treatment goals.

Guideline-level clinical
assessment and
management domains;
outcome measures vary by
evidence source.

This paper provides broad best-practice
context for BoNT-A within
multidisciplinary post-stroke spasticity
care. It supports individualized treatment
goals, appropriate assessment and
adjunctive rehabilitation, but it is not a
primary trial and therefore should not be
pooled with intervention studies [60].

10

6

Multimodal therapy and use of adjunctive
therapies to BoNT-A in spasticity
management: defining terminology to help
enhance spasticity treatment
Reebye R.; Jacinto L.J.; Balbert A.;
Biering-Sorensen B.; Carda S.; Draulans N.;
Molteni F.; O’Dell M.W.; Picelli A.; Santamato A.;
Verduzco-Gutierrez M.; Walker H.; Wissel J.;
Francisco G.E.
Design/type: Terminology/consensus-style
review.

Sample: NA.
Follow-up: NA.

Intervention: Definitions and
framework for multimodal and
adjunctive therapies used with
BoNT-A.
Target: Variable; depends on the
spasticity pattern treated
clinically.

NA as a direct clinical
outcome study; discusses
how outcome domains
should be linked to
adjunctive-treatment goals.

The article is useful for clarifying
terminology such as adjunctive, combined
and multimodal treatment after BoNT-A.
It supports explaining why BoNT-A
should be integrated with rehabilitation,
stretching, robotics or other therapies, but
it should remain contextual because it
does not report a primary intervention
cohort [61].

10

7

Botulinum Neurotoxins: History, Mechanism,
and Applications. A Narrative Review
Monash A.; Tam J.; Rosen O.; Soreq H.
Design/type: Narrative review; mechanistic
background.

Sample: NA.
Follow-up: NA.

Intervention: Mechanisms and
clinical applications of
botulinum neurotoxins.
Target: NA; not specific to a
post-stroke target-muscle
protocol.

NA for clinical outcomes in
this table.

This review may be used to support the
biological rationale of BoNT
neuromodulation, including
chemodenervation and reduction in
excessive neuromuscular activity. It does
not provide primary post-stroke data on
muscle stiffness, gait, balance or follow-up
response [62].

10

8

Spasticity Treatment Beyond Botulinum
Toxins
Li S.; Winston P.; Mas M.F.
Design/type: Review article; contextual
treatment overview.

Sample: NA.
Follow-up: NA.

Intervention: Non-BoNT and
complementary approaches for
spasticity management.
Target: Variable; not a BoNT-A
target-muscle protocol.

NA for a primary BoNT-A
outcome dataset.

The article places BoNT-A within a
broader spasticity-management
framework and is useful for discussing
alternatives and adjuncts. It should not be
considered a primary BoNT-A study
because it does not provide a patient
cohort with extractable intervention, target
muscle and follow-up data [63].
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No. Study/Design Sample & Follow-Up Intervention & Target Muscles Outcome Measures Main Findings/Relevance Score

9

Long-Term Enhancement of Botulinum Toxin
Injections for Post-Stroke Spasticity by Use
of Stretching Exercises—A Randomized
Controlled Trial
Hwang I.S.; Ryu J.W.; Jin S.; Kim S.A.; Kim M.S.
Design/type: Prospective randomized
double-blinded controlled trial.

Sample: 43 subacute stroke
patients with upper-limb
spasticity in the final analysis:
21 in the assisted-stretching
group and 22 in the
self-stretching control group.
Follow-up: 6 months after
injection.

Intervention: BoNT/A injection
plus therapist-assisted
structured stretching versus
BoNT/A injection plus
self-stretching instructions; both
groups continued conventional
rehabilitation.
Target: Upper-limb flexor
pattern; injected muscles
included biceps brachii,
brachioradialis, FCR, FCU, FDS
and FDP. Shoulder stretching
was included although
pectoralis major was not
injected.

Primary: MAS. Secondary:
shoulder-pain VAS, K-MBI,
FMA-UE, EQ-5D and
EMG/RMS activity.

Structured stretching after BoNT/A
prolonged the anti-spastic effect through
6 months compared with self-directed
stretching and was associated with
improvements in shoulder pain, activities
of daily living and quality of life. A
superiority effect for upper-limb motor
recovery on FMA-UE was not evident. The
study is relevant to adjunctive
rehabilitation after BoNT-A but does not
address gait, balance or instrumental
muscle-property measurement [64].

9

10

Combined effects and timing of robotic
training and botulinum toxin on upper limb
spasticity and motor function: a
single-blinded randomized controlled pilot
study
Shin J.H.; Park G.; Kim H.; Cho D.Y.; Kwon S.
Design/type: Single-blinded randomized
controlled pilot timing study.

Sample: 42 participants with
chronic stroke-induced
upper-limb spasticity were
enrolled; 40 completed the
study.
Follow-up: Week 0, week 4
and week 8.

Intervention: Robotic training
and BoNT injection were
combined in different timing
sequences across four groups,
with BoNT and/or robotic
training initiated at week 0 or
week 4.
Target: Upper-limb spasticity;
elbow flexor and extensor
spasticity were specifically
followed, with individualized
injected muscles according to
clinical pattern.

Primary: FMA. Secondary:
MAS of elbow
flexors/extensors and
robotic kinematic variables,
including spectral arc
length, mean speed,
hand-path ratio and
movement deviation.

Combined BoNT and robotic training
produced better spasticity and
motor-function effects than single
interventions or no intervention.
Immediate combined treatment produced
the strongest early reduction in elbow
MAS and kinematic improvement,
whereas robotic training initiated one
month after BoNT produced the strongest
week-8 functional and kinematic gains.
This supports careful timing of adjunctive
rehabilitation but remains an upper-limb
study without gait or balance
outcomes [65].

9

11

Selecting Goals and Target Muscles for
Botulinum Toxin A Injection Using the Goal
Oriented Facilitated Approach to Spasticity
Treatment (GO-FAST) Tool
Jacinto J.; Balbert A.; Bensmail D.; Carda S.;
Draulans N.; Deltombe T.; Ketchum N.; Molteni F.;
Reebye R.
Design/type: Clinical
framework/goal-oriented tool paper.

Sample: NA for a primary
intervention cohort in this
table.
Follow-up: NA.

Intervention: GO-FAST tool to
connect patient-centered goals
with BoNT-A target-muscle
selection.
Target: Variable; determined by
goal, limb segment and spastic
pattern.

Goal-oriented clinical
assessment; supports
selection of appropriate
functional outcomes, but
does not report a single trial
outcome set.

The paper is useful for strengthening the
Methods and Discussion sections by
showing that target-muscle selection
should be explicitly linked to functional
goals. It does not provide primary
outcome data, but it can justify a
structured protocol using goal attainment,
mobility or balance measures after
BoNT-A [43].

8

https://doi.org/10.3390/life16071120

https://doi.org/10.3390/life16071120


Life 2026, 16, 1120 12 of 26

Table 2. Cont.
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12

The Effect of Botulinum Toxin Type A
Injection in the Rectus Femoris in Stroke
Patients Walking With a Stiff Knee Gait: A
Randomized Controlled Trial
Tenniglo M.J.B.; Nene A.V.; Rietman J.S.; Buurke
J.H.; Prinsen E.C.
Design/type: Triple-blind randomized
placebo-controlled cross-over trial.

Sample: 26 adult stroke
patients with stiff-knee gait.
Follow-up: Post-injection
assessment at approximately
4–6 weeks; 5-month washout
between cross-over periods.

Intervention: 200 U BoNT-A
injected into rectus femoris
versus saline placebo, with
cross-over after washout.
Target: Rectus femoris.

Instrumented
gait/kinematics with peak
knee flexion and knee range
of motion; functional
walking outcomes
including 6 MWT, walking
speed/10 MWT-related
measures, energy cost and
perceived gait quality.

Rectus femoris BoNT-A improved sagittal
knee kinematics during swing, with
increased peak knee flexion and knee
range of motion. A modest improvement
in 6 MWT distance was reported, whereas
hip kinematics did not significantly
change. This is one of the most directly
relevant lower-limb BoNT-A studies for
mobility outcomes, although it did not
include myotonometry, elastography or
stabilometric balance assessment [66].

8

13

A Bayesian Network Meta-Analysis and
Systematic Review of Guidance Techniques
in Botulinum Toxin Injections and Their
Hierarchy in the Treatment of Limb Spasticity
Asimakidou E.; Sidiropoulos C.
Design/type: Systematic review and Bayesian
network meta-analysis; secondary evidence.

Sample: NA for a single
clinical cohort; includes
multiple guidance-technique
studies.
Follow-up: Variable across
included studies.

Intervention: Comparison of
guided versus non-guided
BoNT injection approaches,
including ultrasound, EMG and
electrical stimulation guidance.
Target: Upper- and/or
lower-limb muscles depending
on included trials.

Spasticity and clinical
efficacy outcomes across
included trials; measures
vary.

The review supports the importance of
accurate injection guidance for improving
BoNT treatment precision. It is
methodologically relevant to injection
planning, but it should be cited as
secondary evidence rather than as a
primary study of mobility, balance or
muscle mechanical response [67].

8

14

Post-stroke spasticity: follow-up and
functional implications of chronic long-term
treatment with botulinum toxin
Battaglia M.; Borg M.B.; Loro A.; Cosenza L.;
Scotti L.; Picelli A.; Filippetti M.; Bertoni M.;
Spina S.; Santamato A.; Carda S.; Baricich A.
Design/type: Long-term observational
follow-up study.

Sample: Chronic post-stroke
spasticity cohort; exact sample
size should be verified from
the full text before final
submission.
Follow-up:
Long-term/chronic follow-up;
exact duration should be
verified from the full text.

Intervention: Repeated BoNT
treatment in routine long-term
management; no randomized
comparator in the extracted
table.
Target: Individualized upper-
and/or lower-limb target
muscles depending on spastic
pattern and goals.

Functional implications of
long-term follow-up; exact
scales should be verified
from the full text.

This study is relevant because it addresses
repeated BoNT use over time and its
functional implications in chronic
post-stroke spasticity. It can support
discussion of maintenance treatment and
follow-up planning, but exact sample size,
outcome measures and follow-up duration
should be checked directly in the full
article before finalizing the manuscript
table [68].

7

15

Botulinum Toxin in Pain-Related Post-Stroke
Limb Spasticity: A Meta-Analysis of Early
and Late Injections
Tamayo F.M.; Rosales R.; Wissel J.;
Biering-Sorensen B.; Ellano J.N.; Simpson D.
Design/type: Meta-analysis; secondary
evidence.

Sample: NA for a single
patient cohort.
Follow-up: Variable across
included studies.

Intervention: BoNT-A for
pain-related post-stroke limb
spasticity, including
comparisons of early and late
injections across included
studies.
Target: Upper- and/or
lower-limb muscles depending
on pain-related spasticity
pattern.

Pain, spasticity and related
functional or
range-of-motion outcomes
across included studies.

The article supports the concept that pain
relief is an important outcome after
BoNT-A and may indirectly improve
passive range of motion, positioning and
participation in rehabilitation. It should be
used as contextual evidence rather than as
a primary study in the structured
synthesis [69].
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16

Robotic gait training and botulinum toxin
injection improve gait in the chronic
post-stroke phase: A randomized controlled
trial
Cotinat M.; Celerier M.; Arquilliere C.; Flipo M.;
Prieur-Blanc N.; Viton J.M.; Bensoussan L.
Design/type: Randomized controlled
sequencing trial of rehabilitation after BoNT-A.

Sample: 33 chronic stroke
participants with triceps surae
spasticity causing gait
impairment: Group A n = 15
and Group B n = 18.
Follow-up: Two consecutive
2-week rehabilitation blocks
after injection, with pre-test
and post-test assessments
across the sequence.

Intervention: BTx-A injection
followed by Lokomat robotic
gait training and conventional
physiotherapy in different
2-week sequences.
Target: Spastic triceps surae.

Primary: 6 MWT.
Additional walking and
balance-related measures
reported in the study
include 10 mWT, BBS and
TUG.

Robotic gait training performed after
BoNT-A improved walking performance
more than conventional physiotherapy
alone in chronic post-stroke gait
impairment. This is highly relevant to
mobility outcomes after lower-limb
BoNT-A, especially because it combines
toxin treatment with gait-oriented
rehabilitation, but it still does not include
objective muscle-property testing such as
myotonometry or elastography [70].

7

17

Canadian Physicians’ Use of Intramuscular
Botulinum Toxin Injections for Shoulder
Spasticity: A National Cross-Sectional Survey
Kassam F.; Lim B.; Afroz S.; Boissonnault E.;
Reebye R.; Finlayson H.; Winston P.
Design/type: National cross-sectional
physician survey.

Sample: 50 Canadian physical
medicine and rehabilitation
physicians completed the
survey.
Follow-up: NA;
cross-sectional survey.

Intervention: Survey of
intramuscular BoNT injection
practice for shoulder spasticity;
no direct intervention cohort.
Target: Shoulder muscles
involved in post-stroke or
acquired spasticity; specific
muscle choices reflect physician
practice patterns.

Survey responses on clinical
practice, target selection
and injection behavior.

This study is useful for describing
real-world variation in shoulder-spasticity
BoNT practice. It does not test efficacy or
provide patient-level follow-up data, so it
should be positioned as practice-pattern
evidence rather than primary outcome
evidence [71].

7

18

Long-Term Management of Post-Stroke
Spasticity with Botulinum Toxin: A
Retrospective Study
Falcone N.; Leo F.; Chisari C.; Dalise S.
Design/type: Retrospective long-term chart
review.

Sample: 95 chronic stroke
patients treated with BoNT-A.
Follow-up: Long-term
follow-up ranging
approximately from 2 to
14 years.

Intervention: Repeated BoNT-A
treatment over multiple cycles
in routine management; no
randomized comparator.
Target: Individualized upper-
and/or lower-limb muscles
according to spasticity pattern
and clinical goals.

Treatment duration, dose
variability, injection
intervals and dropout rates;
clinical outcomes reported
in the study context.

Repeated BoNT-A treatment was analyzed
as a long-term management strategy.
Injection intervals tended to extend over
time and dosage showed an increasing
trend, while discontinuation was most
frequent in the earlier years of treatment.
The study is valuable for
treatment-continuity and service-planning
discussion, but less directly informative
for short-term mobility, balance or
objective muscle mechanical response [20].

6

19

A modified scoping review of interventions
for global post stroke spasticity
Suputtitada A.; Chatromyen S.; Chen C.P.C.;
Simpson D.M.
Design/type: Modified scoping review;
secondary evidence.

Sample: NA for a primary
patient cohort.
Follow-up: Variable/NA.

Intervention: Global
post-stroke spasticity
interventions, including
BoNT-A, rehabilitation and
other modalities.
Target: Global/multi-pattern
spasticity; upper and lower limb
involvement depending on
intervention.

Assessment and
management domains
across the included
literature; exact outcomes
vary.

This review provides broad context for
multimodal treatment of post-stroke
spasticity but does not provide a single
primary clinical dataset. It should be used
to support background statements and not
mixed with primary BoNT-A efficacy
studies in a quantitative synthesis [72].
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20

The Incidence and Outpatient Medical Care
of Patients with Post-Stroke Spasticity
Rakers F.; Weise D.; Hamzei F.; Musleh R.; Schwab
M.; Jacob J.; Alibone M.; Gunther A.
Design/type:
Epidemiological/health-services analysis.

Sample: Large administrative
or insurance-based
population of stroke patients;
exact denominator should be
verified from the full text.
Follow-up: Administrative
observation period; not a
post-injection follow-up
study.

Intervention: No therapeutic
intervention; describes
incidence and outpatient care
patterns.
Target: NA; not a target-muscle
treatment study.

Incidence of post-stroke
spasticity and outpatient
medical-care utilization.

This study is useful for framing the burden
of post-stroke spasticity and outpatient
care needs. It does not evaluate BoNT-A
effects, target muscles, gait, balance or
muscle properties, so it should be used
only as epidemiological context [73].

6

21

Treatment of adult spasticity with Botox
(onabotulinumtoxinA): Development,
insights, and impact
Esquenazi A.; Jost W.H.; Turkel C.C.; Wein T.;
Dimitrova R.
Design/type: Review/development and
clinical-insight article.

Sample: NA for a single
patient cohort.
Follow-up: Variable across
cited studies.

Intervention:
OnabotulinumtoxinA use in
adult spasticity, including
post-stroke applications.
Target: Upper- and lower-limb
muscles depending on
approved indication and clinical
pattern.

Clinical efficacy, safety and
functional considerations
summarized from prior
evidence.

The article provides background on Botox
development, dosing concepts and adult
spasticity indications. It is useful for
contextualizing BoNT-A as an established
treatment, but it is not a primary
post-stroke trial with extractable follow-up
outcomes [74].

6

22

Botulinum Toxin Utilization, Treatment
Patterns, and Healthcare Costs Among
Patients with Spasticity or Cervical Dystonia
in the US
Hull M.; Anupindi V.R.; DeKoven M.; He J.;
Bouchard J.
Design/type: Retrospective claims
database/health-economic study.

Sample: US patients with
spasticity or cervical dystonia;
exact post-stroke subgroup
size should be verified from
the full text.
Follow-up: Two-year
observation period in the
claims analysis.

Intervention: Analysis of BoNT
utilization, treatment patterns
and costs; no direct clinical
intervention protocol.
Target: NA for target-muscle
extraction; based on claims data
rather than injection-level
anatomy.

Healthcare utilization,
treatment patterns, costs
and time to treatment
identification.

This study provides real-world context on
underuse, timing and cost burden of
BoNT-related care. It does not provide
clinical outcome measures such as MAS,
gait tests, balance scores or muscle
mechanical properties, so it should be
retained as health-services background
rather than primary efficacy evidence [75].

5

23

The Complex Role of Botulinum Toxin in
Enhancing Goal Achievement for Post-Stroke
Patients
Sandulescu M.I.; Cinteza D.; Poenaru D.;
Potcovaru C.G.; Paunescu H.; Coman O.A.
Design/type: Observational non-randomized
clinical study.

Sample: 52 stroke survivors
with upper-limb hypertonia
treated in a rehabilitation
setting.
Follow-up: Short-term
post-treatment assessment,
approximately 20 +/− 5 days
after baseline/treatment in
the reported protocol.

Intervention:
AbobotulinumtoxinA injection
combined with rehabilitation;
no randomized comparator.
Target: Upper-limb spasticity
pattern; frequently injected
muscles included biceps brachii,
FDS, pronator teres, brachialis
and FDP, with less frequent
FCU and FPL injection.
Pectoralis major and proximal
upper-limb muscles were also
clinically relevant.

Goal-Attainment Scaling
T-score (GAS-T), FIM, MRC
motor-control measures,
pain, spasticity and joint
mobility measures.

Goal achievement after BoNT-A was
influenced by prior BoNT exposure and
motor-control status, while higher
spasticity and pain were inversely related
to achieved goals. The study is relevant
because it links BoNT-A to individualized
functional objectives, although it focuses
primarily on upper-limb goal achievement
rather than gait, balance or instrumental
muscle mechanical properties [76].
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24

Increasing the Passive Range of Joint Motion
in Stroke Patients Using Botulinum Toxin:
The Role of Pain Relief
Trompetto C.; Marinelli L.; Mori L.; Bragazzi N.;
Maggi G.; Cotellessa F.; Puce L.; Vestito L.;
Molteni F.; Gasperini G.; Farina N.; Bissolotti L.;
Sciarrini F.; Millevolte M.; Balestrieri F.; Restivo
D.A.; Chisari C.; Santamato A.; Del Felice A.;
Manganotti P.; Serrati C.; Curra A.
Design/type: Retrospective clinical study.

Sample: Post-stroke patients
treated for elbow and/or
finger-flexor spasticity; the
extracted report described 48
elbow-flexor cases and 64
finger-flexor cases, including
a subgroup with reduced
passive range of motion.
Follow-up: Short-term
pre/post treatment
comparison; exact
post-injection interval should
be verified from the full text.

Intervention:
IncobotulinumtoxinA injection
with physiotherapy; no
randomized comparator.
Target: Elbow flexors and finger
flexors.

Passive range of motion
(p-ROM), spasticity/tone,
pathological posture and
pain intensity.

BoNT-A was associated with reduced tone,
improved pathological posture and pain
relief in treated flexor patterns. Passive
range of motion improved more clearly in
finger flexors than in elbow flexors,
suggesting that apparent ROM gains may
be partly mediated by pain reduction
rather than reversal of fixed soft-tissue
shortening. This is relevant to the
distinction between spasticity, contracture,
pain-limited movement and passive
stiffness [77].

5

25

Does the Diffusion Profile Differ Between
Botulinum Toxin Type A Formulations?
Implications for the Management of
Post-Stroke Spasticity
Picelli A.; Tamburin S.; Di Censo R.; Smania N.;
Filippetti M.
Design/type: Technical/narrative review of
BoNT-A formulation diffusion.

Sample: NA.
Follow-up: NA.

Intervention: Discussion of
diffusion profiles of BoNT-A
formulations and implications
for clinical management.
Target: NA for a single
target-muscle protocol; relevant
to muscles adjacent to the
intended injection site.

NA for direct patient
outcomes in this table.

The paper is relevant for explaining why
injection precision, dose distribution and
unintended spread may influence efficacy
and weakness. It provides mechanistic
and procedural context, but it should not
be summarized as a primary clinical
outcome study [78].

4

26

Estimating the cost consequence of the early
use of botulinum toxin in post-stroke
spasticity: Secondary analysis of a
randomised controlled trial
Lindsay C.; Humphreys I.; Phillips C.; Pandyan A.
Design/type: Secondary economic analysis of
a randomized controlled trial.

Sample: Participants derived
from the parent randomized
trial; exact sample size should
be verified from the full text.
Follow-up: Follow-up
according to the parent trial;
exact duration should be
verified from the full text.

Intervention: Early BoNT use in
patients at risk of post-stroke
spasticity and
contracture-related costs.
Target: Spastic limb muscles at
risk of contracture; exact target
muscles should be verified from
the parent trial.

Cost consequences and
contracture-related
economic outcomes; clinical
measures inherited from the
parent trial.

The study supports the argument that
earlier BoNT-A treatment may have
economic value by reducing
contracture-related consequences. It is
useful for health-economic context but
should not be used as a primary clinical
efficacy study unless the parent-trial
clinical details are extracted
separately [79].

4

27

Barriers to Long-Term Adherence in
Botulinum Toxin Therapy for Post-Stroke
Spasticity: Insights and Implications from a
Single-Center Study in North Italy
Cecchella E.; Bragazzi N.L.; Cotellessa F.;
Campanella W.; Puce L.; Marinelli L.; Curra A.;
Schenone C.; Mori L.; Trompetto C.
Design/type: Retrospective observational
single-center adherence study.

Sample: 106 post-stroke
spasticity patients treated
between January 2013 and
December 2023.
Follow-up: Long-term
real-world follow-up across
the 2013–2023 treatment
period; median number of
injections and treatment
duration were analyzed.

Intervention:
IncobotulinumtoxinA treatment
pathway and
adherence/discontinuation
analysis; no randomized
comparator.
Target: Individualized target
muscles; exact injection muscles
are not central to the adherence
analysis.

Treatment continua-
tion/discontinuation,
number of injections,
reasons for discontinuation,
Kaplan–Meier survival
analysis and Cox regression
predictors.

Most patients continued treatment, but a
substantial minority discontinued.
Logistical barriers and comorbidities were
prominent reasons for discontinuation,
and logistical barriers were strongly
associated with dropout risk. The study is
important for implementation and
follow-up planning but does not evaluate
direct biomechanical, gait or balance
outcomes [80].

4

https://doi.org/10.3390/life16071120

https://doi.org/10.3390/life16071120


Life 2026, 16, 1120 16 of 26

Table 2. Cont.

No. Study/Design Sample & Follow-Up Intervention & Target Muscles Outcome Measures Main Findings/Relevance Score

28

The Elias University Hospital Approach: A
Visual Guide to Ultrasound-Guided
Botulinum Toxin Injection in Spasticity. Part
III—Proximal Lower Limb Muscles
Popescu M.N.; Capet C.; Beiu C.; Berteanu M.
Design/type: Technical/visual guide;
contextual injection-method paper.

Sample: NA.
Follow-up: NA.

Intervention:
Ultrasound-guided BoNT
injection technique for proximal
lower-limb muscles.
Target: Proximal lower-limb
muscles relevant to spastic gait
and posture disorders.

NA; procedural anatomical
guidance rather than
clinical outcome
measurement.

This article is relevant for anatomical
targeting and ultrasound-guided injection
planning in proximal lower-limb spasticity.
It should be used as procedural support
only, not as evidence of gait, balance or
muscle-property changes after
BoNT-A [81].

4

29

Comparative efficacy and acceptability of
non-invasive neuromodulation technologies
and botulinum toxin injections for
post-stroke spasticity and motor function: a
network meta-analysis of randomised
controlled trials
Huang J.; Bao C.; Chen Y.; Zhu W.; Zhang K.; Liu
C.; Tang C.
Design/type: Network meta-analysis of
randomized controlled trials; secondary
evidence.

Sample: NA for a single
patient cohort; includes
multiple RCTs.
Follow-up: Variable across
included RCTs.

Intervention: Comparison of
non-invasive neuromodulation
technologies and BoNT
injections for post-stroke
spasticity and motor function.
Target: Upper and/or lower
limb spasticity depending on
included trials.

Spasticity and
motor-function outcomes
across included RCTs; exact
measures vary.

The article provides comparative context
for BoNT-A versus non-invasive
neuromodulation technologies. It can
support background discussion of
treatment alternatives, but because it is a
network meta-analysis, it should not be
treated as a primary study in the
structured extraction table [82].

4
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1

Early Botulinum Toxin Type A Injection
May Improve Motor Recovery in
Patients with Post-Stroke Spasticity: A
Secondary Analysis from a Longitudinal
Cohort Study
Alessandro Picelli, Andrea Santamato,
Michela Cosma, Alessio Baricich, Carmelo
Chisari, Marzia Millevolte, Cristina Del
Prete, Ilenia Mazzù, Rita Di Censo, Nicola
Smania, Mirko Filippetti
Design/type: Secondary analysis of a
multicenter, open-label, longitudinal
cohort study.

Sample: 83 BoNT/A-naïve patients with
post-stroke spasticity; early treatment ≤
90 days vs. late treatment > 90 days after
stroke onset.
Follow-up: Baseline, 4, 12 and 24 weeks
post-injection.

Intervention: Individualized
BoNT/A injection combined with
conventional rehabilitation.
Target: Upper- and/or lower-limb
muscles according to spasticity
pattern; commonly injected
muscles included finger/wrist
flexors and biceps brachii, and
lower-limb muscles such as
gastrocnemius medialis/lateralis,
soleus and tibialis posterior.

MAS as primary muscle-tone
outcome; Motricity Index,
Fugl–Meyer Assessment and
modified Rankin Scale as
secondary outcomes.

Early BoNT/A administration was
associated with greater reduction in
spasticity at early follow-up and with
faster motor recovery trajectories,
especially in initially more impaired
patients. The study supports early
neuromodulation within rehabilitation,
but it did not include direct objective
muscle-property assessment such as
myotonometry/elastography or
dedicated stabilometric balance
evaluation [83].

https://doi.org/10.3390/life16071120

https://doi.org/10.3390/life16071120


Life 2026, 16, 1120 17 of 26

Table 3. Cont.

No. Study/Design Sample & Follow-Up Intervention & Target Muscles Outcome Measures Main Findings/Relevance

2

The Effect of Short-Term Treatment with
Botulinum Toxin A on Muscle Stiffness
in Stroke Patients: An Exploratory Study
Jelena Simic, Kristin Østlie, Fin
Biering-Sørensen, Bo Biering-Sørensen,
Derek John Curtis, Arve Opheim
Design/type: Prospective cohort
exploratory study.

Sample: 25 first-stroke survivors with
disabling spasticity and reduced walking
function.
Follow-up: Baseline, 6 weeks and 3
months after BoNT-A treatment.

Intervention: BoNT-A
administered into clinically
relevant calf muscles.
Target: Calf muscles; medial
gastrocnemius stiffness was
measured on the affected and
unaffected sides.

Shear-wave elastography muscle
stiffness; MAS; active and
passive ankle dorsiflexion; 10 m
walk test; Goal-Attainment Scale.

Shear-wave elastography detected a
significant reduction in affected-side
muscle stiffness at 6 weeks, but the effect
was not maintained at 3 months; no
comparable change was observed in the
unaffected limb. The study is directly
relevant because it uses an objective,
non-invasive muscle-property tool after
BoNT-A, although the relationship
between stiffness changes, walking
function and goal achievement requires
further longitudinal confirmation [84].

3

Efficacy on Gait and Posture Control
After Botulinum Toxin A Injection for
Lower-Limb Spasticity Treatment After
Stroke: A Randomized Controlled Trial
Hui-xian Yu, Si-hao Liu, Zhao-xia Wang,
Chang-bin Liu, Pei Dai, Da-wei Zang
Design/type: Randomized controlled
trial with single-blinded assessments.

Sample: 46 patients with post-stroke
hemiplegic gait randomized to
experimental and control groups; 43
completed follow-up (21 experimental, 22
control).
Follow-up: 0, 1, 4 and 12 weeks after
treatment.

Intervention:
Electrical-stimulation-guided
BoNT-A plus routine rehabilitation
versus routine
rehabilitation/control care.
Target: Lower-limb muscles
selected according to gait pattern:
quadriceps femoris, gastrocnemius,
tibialis posterior, flexor hallucis
longus, flexor digitorum longus,
flexor digitorum brevis and flexor
hallucis brevis.

Lower-limb MAS, lower-limb
Fugl–Meyer Assessment, 10 m
walk test, timed Up and Go test,
gait analysis and dynamic
plantar-pressure analysis.

Compared with control care, BoNT-A was
associated with better lower-limb motor
function and spasticity outcomes,
improved stride length and walking
speed, shorter TUGT time, and improved
plantar-pressure/postural-control
parameters across follow-up. This paper
is highly relevant for mobility and
balance outcomes after lower-limb
BoNT-A, although it does not assess
muscle stiffness through myotonometry
or elastography [35].

https://doi.org/10.3390/life16071120

https://doi.org/10.3390/life16071120


Life 2026, 16, 1120 18 of 26

4. Discussion
As observed in Section 3, the 32 articles included in this systematic review are relevant

to the broader topic of botulinum toxin neuromodulation in post-stroke spasticity. However,
the available evidence does not fully address the specific focus of the present review,
namely the non-invasive assessment of spastic muscle biomechanical and viscoelastic
properties after botulinum toxin treatment, and the relationship between these changes and
functional outcomes related to mobility, gait, postural control, and balance. Although the
included studies confirm the clinical relevance of BoNT-A in the management of post-stroke
spasticity, only a limited number specifically explore its effects in connection with objective
muscle-property assessment, gait analysis, balance evaluation, or functional mobility.

An important aspect that should be acknowledged is the heterogeneity of the in-
cluded literature. The analyzed studies differ substantially in terms of design, population
characteristics, stroke chronicity, injected muscles, BoNT-A dosage and formulation, guid-
ance technique, rehabilitation protocol, follow-up duration, and outcome measures. This
heterogeneity limits the possibility of drawing uniform conclusions regarding the direct
relationship between BoNT-A-induced muscle changes and functional recovery. Neverthe-
less, because studies directly addressing the full combination of BoNT-A administration,
non-invasive muscle-property assessment, and balance or mobility outcomes remain scarce,
it was necessary to include and discuss a broader range of related studies. Therefore,
the present discussion integrates all 32 articles, not because they are methodologically or
thematically identical, but because together they provide the closest available evidence
surrounding the research gap addressed by this review.

A large proportion of the included literature focuses mainly on the clinical use of
botulinum toxin in post-stroke spasticity. These studies discuss aspects such as treatment
timing [57,59,69,79], injection guidance [58,67,81], muscle selection, treatment goals [43,60],
long-term management [20,68,80], and clinical effectiveness. This confirms the importance
of botulinum toxin in the rehabilitation of post-stroke patients with spasticity. Nevertheless,
in many of these studies, treatment effects are evaluated primarily through clinical scales
such as the Modified Ashworth Scale, Modified Tardieu Scale, passive range of motion
(ROM), pain scores, or goal-attainment measures [56,64,65,69,76,77]. As mentioned previ-
ously, although these evaluation tools are useful in clinical practice, they provide limited
information about the underlying biomechanical and viscoelastic changes occurring in
spastic muscles after treatment.

Some of the included articles are more closely related to mobility and gait outcomes.
For instance, studies investigating botulinum toxin injection in lower-limb muscles, such as
the rectus femoris in patients with stiff-knee gait, suggest that reducing focal spasticity may
contribute to improvements in walking performance and gait mechanics [66]. Other studies
examine the combination of botulinum toxin with rehabilitation strategies, such as robotic
gait training or structured physical therapy, showing that post-injection rehabilitation may
enhance functional outcomes [68,70,74,82]. The randomized controlled trial by Yu et al.
further strengthens this direction, as it specifically evaluated gait and postural control after
BoNT-A injection for lower-limb spasticity after stroke, making it particularly relevant to the
mobility and balance component of the present review [35]. However, balance outcomes are
less consistently assessed, and only a small number of studies directly connect botulinum
toxin treatment with postural control, stabilometric parameters, or balance performance.

Another important finding is that some studies address muscle properties, but this
is often done indirectly. Thus, several articles discuss muscle stiffness, contracture risk,
passive range of motion, pain, muscle shortening, or spastic hypertonia (see our related
comments in Section 1), all of which being related to the mechanical behavior of the neu-
ropathological hypertonic muscles [57,59,69,77,79]. However, few studies use objective
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non-invasive technologies, such as ultrasound-based methods, elastography, myotonome-
try, or other biomechanical assessment instruments, to quantify changes in muscle elasticity,
stiffness, or viscoelastic properties after botulinum toxin treatment. Therefore, the current
literature provides only partial evidence regarding how botulinum toxin modifies the phys-
ical properties of post-stroke spastic muscles. In this regard, the exploratory study by Simic
et al. is particularly relevant, as it directly investigated the short-term effects of BoNT-A on
muscle stiffness in stroke patients using shear-wave elastography [83]. This study supports
the feasibility and clinical value of objective, non-invasive muscle-property monitoring
after BoNT-A treatment. However, such evidence remains limited, and elastography-based
evaluation is still rarely integrated with functional balance or mobility outcomes. Similarly,
although ultrasound-guided injection studies support the use of non-invasive imaging
for muscle identification and injection precision [58,67,81], these approaches are mainly
used for treatment guidance rather than for follow-up quantification of biomechanical or
viscoelastic muscle changes.

The additional study by Picelli et al. also contributes to the discussion by emphasizing
the possible importance of early BoNT-A administration in post-stroke spasticity and its
potential relationship with motor recovery [84]. This is relevant because early modulation
of spasticity may theoretically reduce secondary complications such as muscle shortening,
pain, contracture, and maladaptive motor patterns. However, while early treatment may
improve the clinical trajectory of recovery, further studies are needed to determine whether
early BoNT-A-induced reductions in spasticity are accompanied by measurable changes in
muscle stiffness, elasticity, postural control, and functional mobility.

Overall, the included studies show that BoNT-A is widely investigated and clinically
relevant in post-stroke spasticity management. Some articles focus on treatment timing,
injection technique, target-muscle selection, treatment goals, and long-term management;
others address rehabilitation combinations, gait, mobility, pain, passive range of motion,
or stiffness-related consequences. The three additional studies found within the manual
searching of the literature further support the relevance of early BoNT-A treatment, ob-
jective measurements such as stiffness assessment using elastography, and lower-limb
functional outcomes related to gait and postural control. However, these dimensions are
rarely studied together within the same research protocol. This represents the main gap
identified by the present review: the insufficient integration of BoNT-A neuromodulation,
non-invasive assessment of muscle mechanical and viscoelastic properties, and objective
evaluation of mobility and balance outcomes.

Therefore, the present review highlights the need for future controlled longitudinal
studies combining clinical, biomechanical, and functional assessment methods. Future
research should not only determine whether BoNT-A reduces spasticity, but also clarify how
changes in muscle stiffness, elasticity, tone, and viscoelastic behavior influence gait, balance,
and functional mobility in post-stroke patients with muscle hypertonia. Such studies
should ideally include baseline pre-treatment assessment, clearly defined therapeutic
groups, standardized BoNT-A administration, structured rehabilitation protocols, and
repeated post-treatment follow-up evaluations. Instrumental tools such as myotonometry,
elastography, gait analysis, and stabilometric platforms should be used together with
standardized clinical–functional scales in order to obtain a more complete understanding
of treatment response.

The scarcity of studies directly matching the full focus of this review justifies the
inclusion of a heterogeneous but clinically relevant body of literature. The current evi-
dence supports the plausibility that BoNT-A treatment, especially when combined with
rehabilitation, may improve spasticity-related impairment and functional outcomes af-
ter stroke. However, the relationship between local muscle-property changes and global
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improvements in gait, balance, and mobility remains insufficiently clarified. This find-
ing strengthens the rationale for future integrative research protocols combining BoNT-A
treatment, non-invasive muscle-property measurements such as myotonometry and instru-
mented balance and mobility assessment.

5. Limitations
The present review has several limitations that should be acknowledged. First, despite

the continuous interest in the management of post-stroke spasticity, only a limited number
of recent studies specifically addressed an integrated approach combining BoNT-A ad-
ministration, objective assessment of hypertonic muscle-property changes, and functional
outcomes related to postural control, balance, and gait. This reduced the possibility of
drawing strong conclusions regarding the direct relationship between neuromodulation-
induced changes in muscle properties and clinically meaningful functional improvements.
Second, the relatively narrow time frame of the search may have excluded earlier studies
that could provide additional background or complementary evidence regarding BoNT-A
treatment, objective muscle-property assessment, mobility, and balance outcomes in post-
stroke spasticity. Third, the restriction to English-language, free full-text, and ISI-indexed
articles may have limited the breadth of the available evidence and may have introduced a
degree of selection bias, although these criteria were applied in order to ensure accessibility,
reproducibility, and a minimum level of journal-quality filtering. Fourth, the included
studies were characterized by considerable clinical and methodological heterogeneity, par-
ticularly regarding patient characteristics, stroke chronicity, muscles targeted for BoNT-A
injection, rehabilitation protocols, follow-up periods, and outcome measures. Fifth, no
formal risk-of-bias assessment was performed, mainly because of the marked heterogeneity
of the included studies in terms of design and methodological structure, which included
randomized controlled trials, observational studies, reviews, technical papers, surveys,
epidemiological analyses, and health-economic studies. In addition, because only a very
limited number of studies could be considered potentially suitable for quantitative com-
parison and these differed substantially in target muscle groups, intervention protocols,
comparators, and functional outcomes, no meta-analysis was performed. Therefore, the
present review provides a structured qualitative synthesis rather than a quantitative es-
timate of treatment effect. Furthermore, not all studies used instrumental assessment
methods such as myotonometry, elastography, stabilometry, or gait analysis, which lim-
ited the comparability of objective biomechanical and functional findings. In addition,
differences in BoNT-A dosage, injection technique, guidance method, and concomitant
rehabilitation interventions may have influenced the reported outcomes. Finally, because
many available studies focused mainly on clinical spasticity scales rather than on combined
biomechanical and balance-related assessments, the evidence remains insufficient to fully
clarify how changes in hypertonic muscle properties after BoNT-A treatment translate into
improvements in mobility and balance. These limitations reinforce the need for future
prospective studies with standardized protocols, homogeneous outcome measures, formal
risk-of-bias assessment, and integrated evaluation of BoNT-A effects on muscle viscoelastic
properties, mobility, and balance.

6. Conclusions
This systematic literature review aimed to identify and synthesize recent evidence

regarding the non-invasive monitoring of biomechanical and viscoelastic properties of
spastic musculature in post-stroke patients following botulinum toxin administration,
with particular attention to possible repercussions on functional mobility, postural control,
and balance. The available recent literature confirms the continued scientific and clinical
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interest in BoNT-A treatment for post-stroke spasticity, especially in relation to muscle-tone
reduction and functional recovery. However, the present review also highlights that the
existing evidence remains fragmented, as most studies approach these aspects separately
rather than through a unified, multidimensional assessment protocol.

To our knowledge, the recent literature does not provide sufficient studies that si-
multaneously integrate all the components central to this research direction: post-stroke
spasticity, BoNT-A administration, objective myotonometric assessment of muscle vis-
coelastic properties, and proprioceptive–stabilometric evaluation, such as that performed
using advanced devices like ProKin. This absence of fully integrated investigations does
not diminish the relevance of the topic; on the contrary, it emphasizes an important research
gap and supports the need for future studies capable of correlating local muscle-property
changes with global functional outcomes. The current evidence mainly shows that there is
still a lack of studies combining BoNT-A treatment, objective muscle-property assessment,
and mobility or balance outcomes.

Based on these findings, future research should move beyond isolated clinical spas-
ticity assessment and should incorporate combined evaluation models. More specifically,
longitudinal controlled studies are recommended, including baseline pre-treatment assess-
ment, clearly defined therapeutic groups, standardized BoNT-A administration protocols,
conventional rehabilitation or balance-oriented rehabilitation comparators, and repeated
post-treatment follow-up evaluations. Such studies should include objective monitoring of
muscle properties through tools such as myotonometry, functional balance and postural-
control assessment using stabilometric platforms, and standardized clinical–functional
outcome measures related to mobility, gait, and daily functioning.

In this context, a future research protocol may be structured around pre-treatment
clinical and instrumental evaluation, followed by comparison between different therapeutic
approaches, such as BoNT-A administration combined with conventional rehabilitation
versus BoNT-A administration associated with targeted balance training using an advanced
stabilometric device. Repeated monitoring at predefined follow-up moments would al-
low the evaluation of changes in muscle stiffness, tone, elasticity, postural control, gait
parameters, and functional mobility. Such an approach could help clarify whether objec-
tive modifications in hypertonic muscle properties after BoNT-A treatment are directly
associated with clinically meaningful improvements in balance and mobility.

Therefore, the present review supports the need for more integrative, clinically ori-
ented, and instrumentally monitored research in post-stroke spasticity rehabilitation. Com-
bining focal neuromodulation, quantitative assessment of muscle biomechanical properties,
and advanced balance evaluation may contribute to more precise treatment monitoring, indi-
vidualized rehabilitation planning, and improved functional outcomes in post-stroke patients.
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31. Taş, S.; Aktaş, A.; Tufek, T.; Dağ, F. MyotonPRO Is a Reliable and Repeatable Tool for Measuring Mechanical Properties of the
Upper Limb Muscles in Patients with Chronic Stroke. Phys. Med. Rehabil. Kurortmed. 2023, 33, 286–292.

32. PHYSIOMED—Technology for therapy. Available online: https://www.physiomed.ro/product/pro-kin-252/ (accessed on 7
May 2026).

33. Teză Doctorat-KT Radu—Mihai Avram—Forma Finală, Trimisă Spre Tipărire.pdf. Available online: https://drive.google.com/
file/u/2/d/19WVZUu9Gn3v5hrklKkjImtV6OBD7rhcL/view?usp=drive_web&usp=embed_facebook (accessed on 7 May 2026).

34. Mahmoudzadeh, A.; Nakhostin Ansari, N.; Naghdi, S.; Ghasemi, E.; Motamedzadeh, O.; Shaw, B.S.; Shaw, I. Role of Spasticity
Severity in the Balance of Post-Stroke Patients. Front. Hum. Neurosci. 2021, 15, 783093. [CrossRef] [PubMed]

35. Yu, H.-X.; Liu, S.-H.; Wang, Z.-X.; Liu, C.-B.; Dai, P.; Zang, D.-W. Efficacy on Gait and Posture Control after Botulinum Toxin A
Injection for Lower-Limb Spasticity Treatment after Stroke: A Randomized Controlled Trial. Front. Neurosci. 2022, 16, 1107688.
[CrossRef] [PubMed]

36. Zhang, M.; You, H.; Zhang, H.; Zhao, W.; Han, T.; Liu, J.; Jiang, S.; Feng, X. Effects of Visual Feedback Balance Training with the
Pro-Kin System on Walking and Self-Care Abilities in Stroke Patients. Medicine 2020, 99, e22425. [CrossRef] [PubMed]

https://doi.org/10.3390/life16071120

https://doi.org/10.3390/jcm13051323
https://www.ncbi.nlm.nih.gov/pubmed/38592705
https://doi.org/10.3390/toxins12100646
https://www.ncbi.nlm.nih.gov/pubmed/33036356
https://doi.org/10.1016/j.toxicon.2021.09.020
https://www.ncbi.nlm.nih.gov/pubmed/34626599
https://doi.org/10.3389/fneur.2021.650024
https://www.ncbi.nlm.nih.gov/pubmed/34168608
https://doi.org/10.2340/16501977-2753
https://www.ncbi.nlm.nih.gov/pubmed/33057730
https://doi.org/10.3389/fneur.2023.1245228
https://www.ncbi.nlm.nih.gov/pubmed/37681005
https://doi.org/10.3390/toxins16090383
https://www.ncbi.nlm.nih.gov/pubmed/39330841
https://doi.org/10.3233/NRE-192722
https://www.ncbi.nlm.nih.gov/pubmed/31403954
https://www.physio-pedia.com/Tardieu_Scale
https://www.physio-pedia.com/Modified_Ashworth_Scale
https://doi.org/10.1177/0300060519888425
https://www.ncbi.nlm.nih.gov/pubmed/31801402
https://doi.org/10.3390/toxins15010014
https://www.ncbi.nlm.nih.gov/pubmed/36668834
https://doi.org/10.1177/10538135241290110
https://myoton.com/
https://doi.org/10.1038/s41598-021-84656-1
https://www.ncbi.nlm.nih.gov/pubmed/33658623
https://doi.org/10.3390/medicina60060851
https://www.ncbi.nlm.nih.gov/pubmed/38929468
https://doi.org/10.3389/fspor.2022.797975
https://www.ncbi.nlm.nih.gov/pubmed/35265831
https://www.physiomed.ro/product/pro-kin-252/
https://drive.google.com/file/u/2/d/19WVZUu9Gn3v5hrklKkjImtV6OBD7rhcL/view?usp=drive_web&usp=embed_facebook
https://drive.google.com/file/u/2/d/19WVZUu9Gn3v5hrklKkjImtV6OBD7rhcL/view?usp=drive_web&usp=embed_facebook
https://doi.org/10.3389/fnhum.2021.783093
https://www.ncbi.nlm.nih.gov/pubmed/34975436
https://doi.org/10.3389/fnins.2022.1107688
https://www.ncbi.nlm.nih.gov/pubmed/36726851
https://doi.org/10.1097/MD.0000000000022425
https://www.ncbi.nlm.nih.gov/pubmed/32991477
https://doi.org/10.3390/life16071120


Life 2026, 16, 1120 24 of 26

37. Hood, L.E.; Galas, D.J. P4 Medicine: Personalized, Predictive, Preventive, Participatory A Change of View That Changes Everything;
Computing Community Consortium: Washington, DC, USA, 2008.

38. Boffetta, P.; Collatuzzo, G. Application of P4 (Predictive, Preventive, Personalized, Participatory) Approach to Occupational
Medicine. Med. Lav. 2022, 113, e2022009. [CrossRef] [PubMed]

39. Nartea, R.; Savulescu, S.; Potcovaru, C.G.; Poenaru, D. Toward Precision Post-Stroke Rehabilitation Medicine: Integrating
Molecular, Imaging, and Computational Biomarkers for Functional Outcome Prediction. J. Clin. Med. 2025, 14, 8077. [CrossRef]
[PubMed]

40. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BMJ 2021, 372, n71.
[CrossRef] [PubMed]

41. Cha, Y.; Arami, A. Quantitative Modeling of Spasticity for Clinical Assessment, Treatment and Rehabilitation. Sensors 2020, 20,
5046. [CrossRef] [PubMed]

42. Hong, M.J.; Park, J.B.; Lee, Y.J.; Kim, H.T.; Lee, W.C.; Hwang, C.M.; Lim, H.K.; Lee, D.H. Quantitative Evaluation of Post-Stroke
Spasticity Using Neurophysiological and Radiological Tools: A Pilot Study. Ann. Rehabil. Med. 2018, 42, 384–395. [CrossRef]
[PubMed]

43. Jacinto, J.; Balbert, A.; Bensmail, D.; Carda, S.; Draulans, N.; Deltombe, T.; Ketchum, N.; Molteni, F.; Reebye, R. Selecting Goals
and Target Muscles for Botulinum Toxin A Injection Using the Goal Oriented Facilitated Approach to Spasticity Treatment
(GO-FAST) Tool. Toxins 2023, 15, 676. [CrossRef] [PubMed]

44. Santana, K. Levy Library Guides: Evidence Based Medicine: The PICO Framework. Available online: https://libguides.mssm.edu/
ebm/ebp_pico (accessed on 7 May 2026).

45. Elsevier|A Global Leader for Advanced Information and Decision Support in Science and Healthcare. Available online:
https://www.elsevier.com (accessed on 7 May 2026).

46. National Center for Biotechnology Information. PubMed. Available online: https://pubmed.ncbi.nlm.nih.gov/ (accessed on 7
May 2026).

47. National Center for Biotechnology Information. PubMed Central (PMC). Available online: https://pmc.ncbi.nlm.nih.gov/
(accessed on 7 May 2026).

48. Pedro Engine. English. Available online: https://pedro.org.au/ (accessed on 7 May 2026).
49. IEEE Xplore Digital Library. IEEE Trans. Syst. Man Cybern. Syst. 2013, 43, 476. [CrossRef]
50. Clarivate. Available online: https://access.clarivate.com/login?app=wos&alternative=true&goto=https:%2F%2Fwww.webofkno

wledge.com&shibShireURL=https:%2F%2Fwww.webofknowledge.com%2F%3Fauth%3DShibboleth&shibReturnURL=https:%2F
%2Fwww.webofknowledge.com%2F%3Fapp%3Dwos%26referrer%3Dmode%253DNextgen%2526path%253D%25252Fwos%2526
DestApp%253DUA%2526action%253Dtransfer%26authCode%3Dnull%26locale%3Den&referrer=mode%3DNextgen%26path%
3D%252Fwos%26DestApp%3DUA%26action%3Dtransfer&roaming=true (accessed on 7 May 2026).

51. International Scientific Indexing (ISI)|Impact Factor Journals 2024-25|Discipline, Country & Publisher Wise. Available online:
https://www.isindexing.com/isi/ (accessed on 7 May 2026).

52. Onose, G.; Popescu, N.; Munteanu, C.; Ciobanu, V.; Sporea, C.; Mirea, M.-D.; Daia, C.; Andone, I.; Spînu, A.; Mirea, A. Mobile
Mechatronic/Robotic Orthotic Devices to Assist–Rehabilitate Neuromotor Impairments in the Upper Limb: A Systematic and
Synthetic Review. Front. Neurosci. 2018, 12, 577. [CrossRef] [PubMed]

53. Cashin, A.G.; McAuley, J.H. Clinimetrics: Physiotherapy Evidence Database (PEDro) Scale. J. Physiother. 2020, 66, 59. [CrossRef]
[PubMed]

54. Nasa, P.; Jain, R.; Juneja, D. Delphi Methodology in Healthcare Research: How to Decide Its Appropriateness. World J. Methodol.
2021, 11, 116–129. [CrossRef] [PubMed]

55. PRISMA 2020 Flow Diagram. Available online: https://www.prisma-statement.org/prisma-2020-flow-diagram (accessed on 7
May 2026).

56. Lee, J.; Yang, S.N. Effectiveness of Extracorporeal Shock Wave Therapy after Botulinum Toxin Injection for Post-Stroke Upper
Extremity Spasticity: A Randomized Controlled Study. Toxins 2024, 16, 197. [CrossRef] [PubMed]

57. van Tilborg, N.A.W.; de Groot, V.; Meskers, C.G.M. The Effectiveness of Early Interventions for Post-Stroke Spasticity: A
Systematic Review. Disabil. Rehabil. 2025, 47, 900–911. [CrossRef] [PubMed]

58. Popescu, M.N.; Căpet, , C.; Beiu, C.; Berteanu, M. The Elias University Hospital Approach: A Visual Guide to Ultrasound-Guided
Botulinum Toxin Injection in Spasticity: Part I—Distal Upper Limb Muscles. Toxins 2025, 17, 107. [CrossRef] [PubMed]

59. Wissel, J.; Ri, S.; Kivi, A. Early versus Late Injections of Botulinumtoxin Type A in Post-Stroke Spastic Movement Disorder: A
Literature Review. Toxicon 2023, 229, 107150. [CrossRef] [PubMed]

60. Suputtitada, A.; Chatromyen, S.; Chen, C.P.C.; Simpson, D.M. Best Practice Guidelines for the Management of Patients with
Post-Stroke Spasticity: A Modified Scoping Review. Toxins 2024, 16, 98. [CrossRef] [PubMed]

https://doi.org/10.3390/life16071120

https://doi.org/10.23749/mdl.v113i1.12622
https://www.ncbi.nlm.nih.gov/pubmed/35226650
https://doi.org/10.3390/jcm14228077
https://www.ncbi.nlm.nih.gov/pubmed/41303115
https://doi.org/10.1136/bmj.n71
https://www.ncbi.nlm.nih.gov/pubmed/33782057
https://doi.org/10.3390/s20185046
https://www.ncbi.nlm.nih.gov/pubmed/32899490
https://doi.org/10.5535/arm.2018.42.3.384
https://www.ncbi.nlm.nih.gov/pubmed/29961736
https://doi.org/10.3390/toxins15120676
https://www.ncbi.nlm.nih.gov/pubmed/38133180
https://libguides.mssm.edu/ebm/ebp_pico
https://libguides.mssm.edu/ebm/ebp_pico
https://www.elsevier.com
https://pubmed.ncbi.nlm.nih.gov/
https://pmc.ncbi.nlm.nih.gov/
https://pedro.org.au/
https://doi.org/10.1109/TSMC.2013.2246032
https://access.clarivate.com/login?app=wos&alternative=true&goto=https://www.webofknowledge.com&shibShireURL=https://www.webofknowledge.com/?auth=Shibboleth&shibReturnURL=https://www.webofknowledge.com/?app=wos&referrer=mode%253DNextgen%2526path%253D%25252Fwos%2526DestApp%253DUA%2526action%253Dtransfer&authCode=null&locale=en&referrer=mode=Nextgen&path=%252Fwos&DestApp=UA&action=transfer&roaming=true
https://access.clarivate.com/login?app=wos&alternative=true&goto=https://www.webofknowledge.com&shibShireURL=https://www.webofknowledge.com/?auth=Shibboleth&shibReturnURL=https://www.webofknowledge.com/?app=wos&referrer=mode%253DNextgen%2526path%253D%25252Fwos%2526DestApp%253DUA%2526action%253Dtransfer&authCode=null&locale=en&referrer=mode=Nextgen&path=%252Fwos&DestApp=UA&action=transfer&roaming=true
https://access.clarivate.com/login?app=wos&alternative=true&goto=https://www.webofknowledge.com&shibShireURL=https://www.webofknowledge.com/?auth=Shibboleth&shibReturnURL=https://www.webofknowledge.com/?app=wos&referrer=mode%253DNextgen%2526path%253D%25252Fwos%2526DestApp%253DUA%2526action%253Dtransfer&authCode=null&locale=en&referrer=mode=Nextgen&path=%252Fwos&DestApp=UA&action=transfer&roaming=true
https://access.clarivate.com/login?app=wos&alternative=true&goto=https://www.webofknowledge.com&shibShireURL=https://www.webofknowledge.com/?auth=Shibboleth&shibReturnURL=https://www.webofknowledge.com/?app=wos&referrer=mode%253DNextgen%2526path%253D%25252Fwos%2526DestApp%253DUA%2526action%253Dtransfer&authCode=null&locale=en&referrer=mode=Nextgen&path=%252Fwos&DestApp=UA&action=transfer&roaming=true
https://access.clarivate.com/login?app=wos&alternative=true&goto=https://www.webofknowledge.com&shibShireURL=https://www.webofknowledge.com/?auth=Shibboleth&shibReturnURL=https://www.webofknowledge.com/?app=wos&referrer=mode%253DNextgen%2526path%253D%25252Fwos%2526DestApp%253DUA%2526action%253Dtransfer&authCode=null&locale=en&referrer=mode=Nextgen&path=%252Fwos&DestApp=UA&action=transfer&roaming=true
https://www.isindexing.com/isi/
https://doi.org/10.3389/fnins.2018.00577
https://www.ncbi.nlm.nih.gov/pubmed/30233289
https://doi.org/10.1016/j.jphys.2019.08.005
https://www.ncbi.nlm.nih.gov/pubmed/31521549
https://doi.org/10.5662/wjm.v11.i4.116
https://www.ncbi.nlm.nih.gov/pubmed/34322364
https://www.prisma-statement.org/prisma-2020-flow-diagram
https://doi.org/10.3390/toxins16040197
https://www.ncbi.nlm.nih.gov/pubmed/38668622
https://doi.org/10.1080/09638288.2024.2363963
https://www.ncbi.nlm.nih.gov/pubmed/38907596
https://doi.org/10.3390/toxins17030107
https://www.ncbi.nlm.nih.gov/pubmed/40137880
https://doi.org/10.1016/j.toxicon.2023.107150
https://www.ncbi.nlm.nih.gov/pubmed/37146733
https://doi.org/10.3390/toxins16020098
https://www.ncbi.nlm.nih.gov/pubmed/38393176
https://doi.org/10.3390/life16071120


Life 2026, 16, 1120 25 of 26

61. Reebye, R.; Jacinto, L.J.; Balbert, A.; Biering-Sørensen, B.; Carda, S.; Draulans, N.; Molteni, F.; O’Dell, M.W.; Picelli, A.; Santamato,
A.; et al. Multimodal Therapy and Use of Adjunctive Therapies to BoNT-A in Spasticity Management: Defining Terminology to
Help Enhance Spasticity Treatment. Front. Neurol. 2024, 15, 1432330. [CrossRef] [PubMed]

62. Monash, A.; Tam, J.; Rosen, O.; Soreq, H. Botulinum Neurotoxins: History, Mechanism, and Applications. A Narrative Review. J.
Neurochem. 2025, 169, e70187. [CrossRef] [PubMed]

63. Li, S.; Winston, P.; Mas, M.F. Spasticity Treatment Beyond Botulinum Toxins. Phys. Med. Rehabil. Clin. N. Am. 2024, 35, 399–418.
[CrossRef] [PubMed]

64. Hwang, I.-S.; Ryu, J.-W.; Jin, S.; Kim, S.-A.; Kim, M.-S. Long-Term Enhancement of Botulinum Toxin Injections for Post-Stroke
Spasticity by Use of Stretching Exercises-A Randomized Controlled Trial. Toxins 2024, 16, 267. [CrossRef] [PubMed]

65. Shin, J.-H.; Park, G.; Kim, H.; Cho, D.Y.; Kwon, S. Combined Effects and Timing of Robotic Training and Botulinum Toxin on
Upper Limb Spasticity and Motor Function: A Single-blinded Randomized Controlled Pilot Study. J. Neuroeng. Rehabil. 2025, 22,
50. [CrossRef] [PubMed]

66. Tenniglo, M.J.B.; Nene, A.V.; Rietman, J.S.; Buurke, J.H.; Prinsen, E.C. The Effect of Botulinum Toxin Type A Injection in the
Rectus Femoris in Stroke Patients Walking with a Stiff Knee Gait: A Randomized Controlled Trial. Neurorehabilit. Neural Repair
2023, 37, 640–651. [CrossRef] [PubMed]

67. Asimakidou, E.; Sidiropoulos, C. A Bayesian Network Meta-Analysis and Systematic Review of Guidance Techniques in
Botulinum Toxin Injections and Their Hierarchy in the Treatment of Limb Spasticity. Toxins 2023, 15, 256. [CrossRef] [PubMed]

68. Battaglia, M.; Borg, M.B.; Loro, A.; Cosenza, L.; Scotti, L.; Picelli, A.; Filippetti, M.; Bertoni, M.; Spina, S.; Santamato, A.; et al.
Post-Stroke Spasticity: Follow-up and Functional Implications of Chronic Long-Term Treatment with Botulinum Toxin. Eur. J.
Phys. Rehabil. Med. 2024, 60, 581–590. [CrossRef] [PubMed]

69. Tamayo, F.M.; Rosales, R.; Wissel, J.; Biering-Sørensen, B.; Ellano, J.N.; Simpson, D. Botulinum Toxin in Pain-Related Post-Stroke
Limb Spasticity: A Meta-Analysis of Early and Late Injections. Toxins 2025, 17, 258. [CrossRef] [PubMed]

70. Cotinat, M.; Celerier, M.; Arquillière, C.; Flipo, M.; Prieur-Blanc, N.; Viton, J.-M.; Bensoussan, L. Robotic Gait Training and
Botulinum Toxin Injection Improve Gait in the Chronic Post-Stroke Phase: A Randomized Controlled Trial. Ann. Phys. Rehabil.
Med. 2024, 67, 101785. [CrossRef] [PubMed]

71. Kassam, F.; Lim, B.; Afroz, S.; Boissonnault, È.; Reebye, R.; Finlayson, H.; Winston, P. Canadian Physicians’ Use of Intramuscular
Botulinum Toxin Injections for Shoulder Spasticity: A National Cross-Sectional Survey. Toxins 2023, 15, 58. [CrossRef] [PubMed]

72. Suputtitada, A.; Chatromyen, S.; Chen, C.P.; Simpson, D.M. A Modified Scoping Review of Interventions for Global Post Stroke
Spasticity. Toxicon 2025, 262, 108311. [CrossRef] [PubMed]

73. Rakers, F.; Weise, D.; Hamzei, F.; Musleh, R.; Schwab, M.; Jacob, J.; Alibone, M.; Günther, A. The Incidence and Outpatient
Medical Care of Patients with Post-Stroke Spasticity. Dtsch. Arztebl. Int. 2023, 120, 284–285. [CrossRef] [PubMed]

74. Esquenazi, A.; Jost, W.H.; Turkel, C.C.; Wein, T.; Dimitrova, R. Treatment of Adult Spasticity with Botox (onabotulinumtoxinA):
Development, Insights, and Impact. Medicine 2023, 102, e32376. [CrossRef] [PubMed]

75. Hull, M.; Anupindi, V.R.; DeKoven, M.; He, J.; Bouchard, J. Botulinum Toxin Utilization, Treatment Patterns, and Healthcare
Costs Among Patients with Spasticity or Cervical Dystonia in the US. Adv. Ther. 2023, 40, 3986–4003. [CrossRef] [PubMed]

76. Săndulescu, M.I.; Cinteză, D.; Poenaru, D.; Potcovaru, C.-G.; Păunescu, H.; Coman, O.A. The Complex Role of Botulinum Toxin
in Enhancing Goal Achievement for Post-Stroke Patients. Toxins 2024, 16, 172. [CrossRef] [PubMed]

77. Trompetto, C.; Marinelli, L.; Mori, L.; Bragazzi, N.; Maggi, G.; Cotellessa, F.; Puce, L.; Vestito, L.; Molteni, F.; Gasperini, G.; et al.
Increasing the Passive Range of Joint Motion in Stroke Patients Using Botulinum Toxin: The Role of Pain Relief. Toxins 2023, 15,
335. [CrossRef] [PubMed]

78. Picelli, A.; Tamburin, S.; Di Censo, R.; Smania, N.; Filippetti, M. Does the Diffusion Profile Differ Between Botulinum Toxin Type
a Formulations? Implications for the Management of Post-Stroke Spasticity. Toxins 2024, 16, 480. [CrossRef] [PubMed]

79. Lindsay, C.; Humphreys, I.; Phillips, C.; Pandyan, A. Estimating the Cost Consequence of the Early Use of Botulinum Toxin
in Post-Stroke Spasticity: Secondary Analysis of a Randomised Controlled Trial. Clin. Rehabil. 2023, 37, 373–380. [CrossRef]
[PubMed]

80. Cecchella, E.; Bragazzi, N.L.; Cotellessa, F.; Campanella, W.; Puce, L.; Marinelli, L.; Currà, A.; Schenone, C.; Mori, L.; Trompetto,
C. Barriers to Long-Term Adherence in Botulinum Toxin Therapy for Post-Stroke Spasticity: Insights and Implications from a
Single-Center Study in North Italy. Toxins 2025, 17, 102. [CrossRef] [PubMed]

81. Popescu, M.N.; Căpet, , C.; Beiu, C.; Berteanu, M. The Elias University Hospital Approach: A Visual Guide to Ultrasound-Guided
Botulinum Toxin Injection in Spasticity: Part III—Proximal Lower Limb Muscles. Toxins 2025, 17, 240. [CrossRef] [PubMed]

82. Huang, J.; Bao, C.; Chen, Y.; Zhu, W.; Zhang, K.; Liu, C.; Tang, C. Comparative Efficacy and Acceptability of Non-Invasive
Neuromodulation Technologies and Botulinum Toxin Injections for Post-Stroke Spasticity and Motor Function: A Network
Meta-Analysis of Randomised Controlled Trials. EClinicalMedicine 2025, 80, 103034. [CrossRef] [PubMed]

https://doi.org/10.3390/life16071120

https://doi.org/10.3389/fneur.2024.1432330
https://www.ncbi.nlm.nih.gov/pubmed/39281409
https://doi.org/10.1111/jnc.70187
https://www.ncbi.nlm.nih.gov/pubmed/40762356
https://doi.org/10.1016/j.pmr.2023.06.009
https://www.ncbi.nlm.nih.gov/pubmed/38514226
https://doi.org/10.3390/toxins16060267
https://www.ncbi.nlm.nih.gov/pubmed/38922161
https://doi.org/10.1186/s12984-025-01584-1
https://www.ncbi.nlm.nih.gov/pubmed/40050906
https://doi.org/10.1177/15459683231189712
https://www.ncbi.nlm.nih.gov/pubmed/37644725
https://doi.org/10.3390/toxins15040256
https://www.ncbi.nlm.nih.gov/pubmed/37104194
https://doi.org/10.23736/S1973-9087.24.08429-6
https://www.ncbi.nlm.nih.gov/pubmed/38888735
https://doi.org/10.3390/toxins17050258
https://www.ncbi.nlm.nih.gov/pubmed/40423340
https://doi.org/10.1016/j.rehab.2023.101785
https://www.ncbi.nlm.nih.gov/pubmed/38118342
https://doi.org/10.3390/toxins15010058
https://www.ncbi.nlm.nih.gov/pubmed/36668878
https://doi.org/10.1016/j.toxicon.2025.108311
https://www.ncbi.nlm.nih.gov/pubmed/40056953
https://doi.org/10.3238/arztebl.m2023.0004
https://www.ncbi.nlm.nih.gov/pubmed/37357701
https://doi.org/10.1097/MD.0000000000032376
https://www.ncbi.nlm.nih.gov/pubmed/37499086
https://doi.org/10.1007/s12325-023-02563-5
https://www.ncbi.nlm.nih.gov/pubmed/37414904
https://doi.org/10.3390/toxins16040172
https://www.ncbi.nlm.nih.gov/pubmed/38668597
https://doi.org/10.3390/toxins15050335
https://www.ncbi.nlm.nih.gov/pubmed/37235369
https://doi.org/10.3390/toxins16110480
https://www.ncbi.nlm.nih.gov/pubmed/39591235
https://doi.org/10.1177/02692155221133522
https://www.ncbi.nlm.nih.gov/pubmed/36325678
https://doi.org/10.3390/toxins17030102
https://www.ncbi.nlm.nih.gov/pubmed/40137875
https://doi.org/10.3390/toxins17050240
https://www.ncbi.nlm.nih.gov/pubmed/40423325
https://doi.org/10.1016/j.eclinm.2024.103034
https://www.ncbi.nlm.nih.gov/pubmed/39831129
https://doi.org/10.3390/life16071120


Life 2026, 16, 1120 26 of 26

83. Simic, J.; Østlie, K.; Biering-Sørensen, F.; Biering-Sørensen, B.; John Curtis, D.; Opheim, A. The effect of short-term treatment
with botulinum toxin a on muscle stiffness in stroke patients: An exploratory study. J. Rehabil. Med. 2025, 57, 44318. [CrossRef]
[PubMed]

84. Picelli, A.; Santamato, A.; Cosma, M.; Baricich, A.; Chisari, C.; Millevolte, M.; Del Prete, C.; Mazzù, I.; Di Censo, R.; Smania, N.;
et al. Early Botulinum Toxin Type A Injection May Improve Motor Recovery in Patients with Post-Stroke Spasticity: A Secondary
Analysis from a Longitudinal Cohort Study. Toxins 2025, 17, 558. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/life16071120

https://doi.org/10.2340/jrm.v57.44318
https://www.ncbi.nlm.nih.gov/pubmed/40947884
https://doi.org/10.3390/toxins17110558
https://www.ncbi.nlm.nih.gov/pubmed/41295873
https://doi.org/10.3390/life16071120

	Introduction 
	Materials and Methods 
	Study Design and Research Question 
	Search Strategy 
	Eligibility Criteria 
	Study Quality Appraisal 

	Results 
	Discussion 
	Limitations 
	Conclusions 
	References

