v UNIVERSITY OF
WOLVERHAMPTON

Ultrasound for the assessment of muscle
architecture in Parkinson’s disease: a scoping review

ltem Type Journal article

Authors Behraznia, Mahyar;Ditroilo, Massimiliano;Smith, Tina

Citation Behraznia, M., Ditroilo, M. and Smith, T. (2026) Ultrasound for
the assessment of muscle architecture in Parkinson's disease: a
scoping review. Clinical Biomechanics, 132, 106733.

DOI 10.1016/j.clinbiomech.2025.106733

Publisher Elsevier

Journal Clinical Biomechanics

Download date

2026-05-18 16:12:39

License

https://creativecommons.org/licenses/by/4.0/

Link to Item

https://wlv.openrepository.com/handle/2436/626207



http://dx.doi.org/10.1016/j.clinbiomech.2025.106733
https://creativecommons.org/licenses/by/4.0/
https://wlv.openrepository.com/handle/2436/626207

Clinical Biomechanics 132 (2026) 106733

Contents lists available at ScienceDirect

CLINICAL
BIOMECHANICS

Clinical Biomechanics e

journal homepage: www.elsevier.com/locate/clinbiomech

ELSEVIER

Ultrasound for the assessment of muscle architecture in Parkinson's disease:
A scoping review

a,*

Mahyar Behraznia® , Massimiliano Ditroilo " Tina Smith®

2 Faculty of Education, Health and Wellbeing, University of Wolverhampton, Gorway Road, Walsall, WS1 3BD, United Kingdom
Y School of Public Health, Physiotherapy and Sports Science, University College Dublin, Dublin, Ireland

ARTICLE INFO ABSTRACT

Keywords: Background: Parkinson's disease (PD) affects motor function and muscle performance, which are closely linked to
Skeletal muscle muscle architecture (MA). Ultrasound (US) provides a non-invasive method to assess MA, yet its application in
Ultrasound

PD remains underexplored. This review aimed to map and synthesise existing research on US assessment of MA
in individuals with PD to clarify how US imaging methodologies contribute to understanding muscle structure
and function in this population.

Methods: This scoping review was conducted following established guidelines and searching these databases:
Scopus, PubMed, Web of Science Core Collection, MEDLINE and CINAHL Ultimate.

Findings: Of the 913 records identified, 20 studies met the inclusion criteria. Research varied in design, US
measurement methodology, and measurement and reporting approaches. The synthesis revealed that while MA
at rest was largely preserved in PD with notable exceptions, muscle fascicle responsiveness during contraction
was significantly impaired, potentially due to rigidity. MA differences were associated with PD clinical mani-
festations (i.e., bradykinesia and rigidity) and reduced functional performance. PD-related comorbidities
including sarcopenia, camptocormia, and dysphagia were found to further affect MA, exacerbating muscle
degradation and remodelling. Exercise was found to alter the structural characteristics of MA, suggesting
beneficial adaptive potential.

Significance and interpretation: Despite consistent evidence of altered MA and muscle responsiveness in PD,
methodological heterogeneity and small samples limit firm conclusions. Standardised US protocols and longi-
tudinal studies are needed to clarify the relationship between MA, functional performance, and PD clinical
features, and to evaluate the effects of exercise and rehabilitation on muscle structure and strength.

Parkinson's disease
Muscle mechanics
Muscle architecture

1. Introduction

Parkinson's disease (PD) is the fastest growing neurological disorder
(Dorsey et al., 2018), attributed to the loss of dopaminergic neurons in
the substantia nigra pars compacta (Beitz, 2014; Kalia and Lang, 2015),
which disrupts the neural drive (McGregor and Nelson, 2019). This leads
to characteristic motor symptoms—bradykinesia, tremor, and rigid-
ity—that significantly impair mobility and quality of life (Jankovic,
2008). While traditionally considered a brain disorder, PD's impact ex-
tends beyond the central nervous system (CNS) to the peripheral
neuromuscular system, notably affecting skeletal muscles, the final ef-
fectors of motor commands (Dalise et al., 2020; Duranti and Villa, 2024;
Murphy and Lynch, 2023). As a result, PD is associated with a range of
musculoskeletal complications, the most prominent being impaired
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skeletal muscle health, manifesting as muscle wasting and weakness
(Murphy and Lynch, 2023). Recent research (Dalise et al., 2020; Duranti
and Villa, 2024; Murphy and Lynch, 2023) highlight the growing
consensus that pathological changes observed in skeletal muscle in PD
are not merely a consequence of inactivity or ageing, but also reflect
direct, disease-specific processes. Documented muscle changes include
atrophy, altered fibre composition—particularly a shift toward slow-
twitch fibres—and mitochondrial dysfunction; in some cases, patho-
logical protein aggregates have also been observed in muscle tissue
(Dalise et al., 2020; Duranti and Villa, 2024; Murphy and Lynch, 2023).
These findings, observed in both limb and axial muscles, support the
hypothesis that muscle pathology in PD involves both impaired neural
input and distinct peripheral mechanisms, which together contribute to
functional decline and may even precede overt motor symptoms.
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Given that skeletal muscle is a primary determinant of movement
and functional capacity, its deterioration in PD has direct clinical con-
sequences. Deficits in muscle strength, range of motion, and motor
control underlie many of the characteristic functional limitations of PD,
including gait disturbance, postural instability, and bradykinesia (Falvo
et al., 2008; Inkster et al., 2003; Mazzoni et al., 2012; Paul et al., 2013).
Importantly, muscle function often deteriorates with disease progression
(Falvo et al., 2008; Stevens-Lapsley et al., 2012) but can improve with
targeted rehabilitation or pharmacological treatment (Folland et al.,
2011; Lima et al., 2013). Ultimately, the operational characteristics of
skeletal muscle (i.e., muscular strength, range of motion, motor control
relating to the force-velocity and the length-tension curves) directly
influence the functional capabilities of people with PD. Many clinical
interventions are therefore focused on effective strategies to optimise
muscle function and performance. Therapeutic and rehabilitation in-
terventions targeted at improving aspects of muscle function include
muscle strengthening (David et al., 2011; Falvo et al., 2008; Lima et al.,
2013; Paolucci et al., 2020), stretching (Dunabeitia et al., 2025), balance
and postural training (Klamroth et al., 2016), treadmill training
(Abbruzzese et al., 2016; Rawson et al., 2019), and automated me-
chanical peripheral stimulation (AMPS) (Tedeschi, 2023; Tedeschi et al.,
2024). Pharmacological treatments target the CNS to modulate dopa-
minergic activity and basal ganglia function, in an attempt to enhance
motor control and improve movement performance (Connolly and Lang,
2014), while surgical interventions aim to optimise motor function,
alleviate debilitating symptoms such as tremor and rigidity, and ulti-
mately enhance overall quality of life (Sharma et al., 2020). With so
many interventions focused on the musculoskeletal system, it is
important we can accurately and reliably measure changes in the
morphological properties of skeletal muscle in response to those in-
terventions, as morphological differences have been associated with
improved muscle function (Blazevich et al., 2006; Lieber and Blevins,
1989; Lieber and Fridén, 2000).

Imaging modalities used to capture muscle characteristics include
ultrasound (US), magnetic resonance imaging and computerized to-
mography (Dick and Hug, 2023). Among these techniques, US is a well-
established imaging modality for assessing skeletal muscle, and has
unique advantages of being radiation-free, real-time and relatively
inexpensive. Historically, US has been used for muscle assessment since
the 1980s, when real-time brightness-mode imaging first revealed
structural changes in diseased muscle, such as atrophy and increased
echo intensity due to fat and fibrous infiltration (Heckmatt et al., 1980;
Pillen and van Alfen, 2011). Through the 1990s and 2000s, quantitative
muscle US became an established tool in neurology, enabling the
detection and grading of muscle morphology (Heckmatt et al., 1980;
Heckmatt et al., 1982; Heckmatt et al., 1988; Shortland et al., 2002).
Recent advances in quantitative muscle imaging, including automated
and semi-automated analysis methods, have further improved the pre-
cision, reliability, and scalability of US-based assessments, enabling
more detailed evaluation of muscle architecture (MA) and function
(Dick and Hug, 2023; Franchi et al., 2018). As a result, US has been used
to evaluate the morphological changes of muscle, specifically MA, which
refers to the organisation of muscle fibres within a muscle. US offers
clinicians a practical tool to monitor disease progression and treatment
response by visualising muscle adaptations and distinguishing neural
from muscular contributions, an approach already established in other
neurological and neuromuscular disorders (Chen et al., 2015; Hannaford
et al., 2025; Katzberg et al., 2016; Pillen and van Alfen, 2011).

Different morphological parameters of MA, such as fascicle length
(FL), pennation angle (PA), muscle thickness (MT) and cross-sectional
area (CSA), could be extracted from US to estimate muscle activity
and function. Each parameter reflects distinct functional properties:
increases in PA and CSA are associated with greater force-generating
capacity (Blazevich et al., 2006; Lieber and Blevins, 1989; Lieber and
Fridén, 2000), while longer fascicles favour higher contraction velocities
and flexibility (Blazevich et al., 2006). Nevertheless, MA can be affected
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by age (Strasser et al., 2013), gender (Kubo et al., 2003), inactivity (de
Boer et al., 2008) and disease (Chen et al., 2018; Kirmaci et al., 2022),
which all lead to decreases in MT and PA, with negative consequences
for strength and contraction velocity. Since the reduced tolerance to
physical activity shown in PD patients (Ellis et al., 2013; van Nimwegen
et al., 2011), a drop in PA and MT due to disuse (Timmins et al., 2016),
may be expected to be related to the observed atrophy. On the contrary,
being physically active and undergoing resistance training has been
shown to be a powerful method to improve muscle functions through
favourable MA exercise-induced adaptations (Timmins et al., 2016).
Existing research utilising US in the assessment of resting MA in PD has
observed both similarities (Magris et al., 2024; Martignon et al., 2021;
Monte et al., 2023) and differences (Masaki et al., 2022) between in-
dividuals with PD and healthy controls. Furthermore, reduced MT as
measured via ultrasonography has been associated with poor functional
performance in individuals with PD (Aktar et al., 2023; Masaki et al.,
2023a). Moreover, muscle fascicle behaviour was found to be impaired
in dynamic conditions (i.e., during explosive isometric contractions)
(Magris et al., 2024; Monte et al., 2023), which was proposed to be due
to muscle stiffness (rigid hypertonia), but requires further study.

Despite increasing use of US to study skeletal muscle in PD, findings
remain fragmented and methods heterogeneous, limiting their trans-
lation to clinical or research practice. Importantly, it is unclear whether
PD motor symptoms contribute to changes in MA. The combined effects
of motor impairments and structural alterations of muscle could influ-
ence muscle fibre orientation and fascicle behaviour in ways that are not
yet fully understood. This gap inhibits clinical translation and compre-
hensive understanding of how motor impairments and muscle structural
alterations interact in PD. Addressing these issues by mapping current
research, standardizing protocols, and elucidating relationships be-
tween US-derived MA parameters, clinical manifestations, and func-
tional outcomes is essential. Such synthesis will enhance the use of US in
diagnosis, monitoring, and evaluating therapeutic responses targeting
muscle health in PD. Although a previous review examined US imaging
of MA in neurological disorders (Chen et al., 2015), their focus was on
stroke, cerebral palsy, and spinal cord injury. The authors concluded
that ultrasonography is a feasible method to measure muscle-tendon
architecture and it was widely used to detect morphological changes
and to evaluate the functional improvement of the affected muscle after
an intervention program (Chen et al., 2015). To date, no study has
systematically synthesised US research specifically for assessing MA in
PD. Therefore, exploring and evaluating the existing evidence of MA in
PD is crucial to align current findings, along with understanding how
variables of muscle measurement are being used within the PD context.
In addition, by identifying US methodological inconsistencies and syn-
thesising current approaches, this review will provide guidance for
future research and contribute to the development of more standardised
US assessment protocols in PD. Thus, the objective of this scoping review
was to map the literature on the assessment of MA using US in PD, to
highlight how the application of current US imaging techniques and
approaches influences our understanding and interpretation of MA in
PD. To guide this review, three research questions were developed: 1)
What is the extent of research using US to assess MA in people with PD?
2) What, muscle architectural variables of PD muscle were measured
using US and how? 3) What is the current state of scientific findings in
MA in people with PD, and does MA correlate with functional outcome
measures and PD clinical manifestations?

2. Methods

A scoping review of the literature using a well-established method-
ology (Levac et al., 2010) was conducted. The scoping review frame-
work comprises identification of a research question, identification of
the relevant studies, study selection, charting of data, summarising and
reporting the results, and consultation. The latter step was not applied in
the current study. This scoping review also followed the recommended
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items in PRISMA Extension for Scoping Reviews (PRISMA-ScR) (Tricco
et al., 2018).

2.1. Search strategy

The general research topic was searched across databases including
Scopus (via Elsevier) and Web of Science Core Collection (via Clarivate)
in July 2024. In the initial primary search, titles, keywords, and termi-
nologies related to the scope of our study were evaluated. This process
was conducted to acquire more profound knowledge and insight into the
existing research, but also to pinpoint the most effective terms used in
the current research to enhance our final search strategy. The final
search was conducted in October 2025 using specific terms related to:
‘ultrasound’, ‘muscle architecture’ and ‘Parkinson's disease’ in the
following databases: Scopus (via Elsevier), PubMed (via US National
Library of Medicine), Web of Science Core Collection (via Clarivate),
MEDLINE with Full Text (via EBSCOhost), and CINAHL Ultimate (via
EBSCOhost). More details concerning search strategy and the key words
used are reported in Appendix A (Supplementary Material 1, online
only).

2.2. Study selection

The inclusion criteria for the studies were: (1) original research
studies, (2) assessment and measurement of any characteristic of pe-
ripheral skeletal MA using US and (3) the whole population or part of the
population included individuals with PD. Exclusion selection criteria
comprised articles in any language other than English, not original
research (e.g., book/book chapters, case report/series, commentary/
opinion piece, conference paper), did not include humans In Vivo in
sample, and instead includes other groups (e.g., animals, cadavers, In
Vitro). Articles without available full text were also excluded. There was
no restriction as to publication year, this was to facilitate an extensive
search, ensuring that no articles were overlooked due to the long-
standing utilisation of US. Studies that assessed MA using US, even if it
was not the primary aim, were considered for this review.

Duplicate citations from the five databases and other sources were
first identified and removed in Zotero (Reference Management Soft-
ware, https://www.zotero.org/). The final set of search results were
then exported and uploaded to an online screening tool, Rayyan (https
://rayyan.qcri.org/), for screening and selection. Screening was con-
ducted in two stages in Rayyan by the first author (MB):

1. First, the titles and abstracts were read considering the inclusion and
exclusion criteria.
2. Next, the full-text of the selected articles were read in full.

Possible conflicts regarding the eligibility of the articles were dis-
cussed and solved by the author (MB) and a member of the supervisory
team (MD), and if required the principal supervisor established
consensus (TS).

2.3. Data charting process

During the data charting process, the relevant information was
extracted into an Excel file (Microsoft Excel). During this phase, the
papers that satisfied the inclusion criteria were reviewed multiple times
to ensure comprehensive extraction of all relevant information
regarding the scope of the study. After data extraction, tables were
designed which consisted of predefined data items for extraction, which
would inform understandings of what is currently known within the
literature regarding US in the assessment of MA in PD. The tables were
designed based on (1) general study and participant characteristics (e.g.,
authors name, year of publication, participant age and sex, disease
severity), (2) measurement methodology (i.e., muscle of interest, re-
ported muscle architectural variable), and approach to measurement
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and reporting (e.g., US system, acquisition procedure, US settings),
including clinimetric properties and reporting of additional outcomes,
and (3) summary of the main finding relating to muscle variable
measured.

2.4. Collating, summarising, and reporting the results

Before the analysis of the studies, a protocol was registered with the
Open Science Framework (registration DOI: 10.17605/0SF.I0/2Z46M).
Data interpretation was conducted using descriptive and numerical
analysis. For studies that did not report sample mean and standard de-
viation, other summary metrics available (e.g., median or range) were
reported. Then, all the information resulting from the analysis of the
included studies were summarised by themes of the use and application
of muscle imaging via US in PD, methodological approach, and current
scientific research findings of MA in PD. Finally, we discuss the results
and their implications for research and clinical practice.

3. Results
3.1. Data synthesis

Searching of the five databases resulted in 911 potentially eligible
studies, with a further two articles identified from other sources and
through citation searching. After removing duplicates, study titles and
abstracts were reviewed to assess the eligibility of 534 studies. A total of
24 articles were qualified for the full-text reading stage. This last stage
resulted in the identification of 20 studies as eligible in this review
(Abrahin et al., 2020; Aktar et al., 2023; Calaway et al., 2025; Chen
et al., 2023; Ding et al., 2024; Donizetti Verri et al., 2019; Goz et al.,
2023; Lim et al., 2025; Magris et al., 2024; Martignon et al., 2021;
Masaki et al., 2023a; Masaki et al., 2022; Masaki et al., 2023b; Monte
etal., 2023; Oh et al., 2016; Sirin Ahisha et al., 2025; Smart et al., 2020;
Umay et al., 2019; Yilmaz et al., 2023; Yin et al., 2021). The flowchart of
the selection process is charted in Fig. 1. The earliest publication date
was 2016 (Oh et al., 2016), with most articles (n = 7) published in 2023.
The included studies used observational or experimental study designs.
Studies originated from Turkey (n = 5), China (n = 3), Italy (n = 3),
Japan (n = 3), Brazil (n = 2), Canada (n = 1), United States of America
(n = 1), South Korea (n = 1), and Taiwan (n = 1).

3.2. Study and participant characteristics

Table 1 represents the general study and participant characteristics
of the included articles. While there is no single common aim across all
studies, many focus on understanding muscle-related changes, func-
tional performance, and US diagnostic or evaluative techniques in PD
patients. Concerning population sample, all studies included only adults.
In total, 1045 adult participants were included in this review (control
group of people with no diagnosis of PD; n = 314, patients with PD; n =
701). The total number of individuals with PD might be less than 701
due to unclear reporting of participants across two studies (Chen et al.,
2023; Ding et al., 2024). The sample size for patients with PD ranged
from 8 to 120 participants, and the sample size for the healthy control
group ranged from 9 to 60 participants. Six studies reported performing
an a-priori sample size calculation, ensuring adequate statistical power
for their analyses (Ding et al., 2024; Goz et al., 2023; Magris et al., 2024;
Martignon et al., 2021; Monte et al., 2023; Sirin Ahisha et al., 2025). Of
these, three studies reported the effect size (Ding et al., 2024; Magris
et al., 2024; Sirin Ahisha et al., 2025). The remaining 14 studies did not
justify their sample size (Abrahin et al., 2020; Aktar et al., 2023; Cala-
way et al., 2025; Chen et al., 2023; Donizetti Verri et al., 2019; Lim et al.,
2025; Masaki et al., 2023a; Masaki et al., 2022; Masaki et al., 2023b; Oh
et al., 2016; Smart et al., 2020; Umay et al., 2019; Yilmaz et al., 2023;
Yin et al., 2021). Several studies (n = 4) examined PD patients with PD
phenotypes (i.e., postural instability gait difficulty (PIGD), tremor-
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Identification of studies

Additional records identified

Records identified through
database searching (n = 911)
S '

v

through other sources (n = 2)

Records after duplicates removed (n = 534)

Screening

Records assessed for eligibility
(n=24)

A \ 4
Records screened (n = Records irrelevant (n
534) =510)
"| Records excluded:

v
Studies included in review
(n=20)
—

- Did not measure muscle
architecture (n =4)

Fig. 1. PRISMA flowchart for the selection process of studies.

dominant (TD), bradykinetic/rigidity presentations) (Ding et al., 2024;
Magris et al., 2024; Martignon et al., 2021; Monte et al., 2023). Of the
701 PD patients, 74 had sarcopenia (Chen et al., 2023; Lim et al., 2025),
17 had camptocormia (CC) (Yilmaz et al., 2023), 100 had dysphagia (Oh
et al., 2016; Sirin Ahisha et al., 2025; Umay et al., 2019), 7 had diabetes
mellitus (Sirin Ahisha et al., 2025), and 6 had coronary artery disease
(Sirin Ahisha et al., 2025). The severity of PD motor symptoms was
reported in 14 studies (Aktar et al., 2023; Ding et al., 2024; Goz et al.,
2023; Lim et al., 2025; Magris et al., 2024; Martignon et al., 2021;
Masaki et al., 2023a; Masaki et al., 2022; Masaki et al., 2023b; Monte
et al., 2023; Sirin Ahisha et al., 2025; Smart et al., 2020; Umay et al.,
2019; Yilmaz et al., 2023) using the Movement Disorder Society-Unified
Parkinson's Disease Rating Scale, part III (MDS-UPDRS-III). The disease
stage and progression of PD patients was reported in 17 studies (Abrahin
et al., 2020; Aktar et al., 2023; Calaway et al., 2025; Ding et al., 2024;
Donizetti Verri et al., 2019; Goz et al., 2023; Lim et al., 2025; Magris
et al., 2024; Martignon et al., 2021; Masaki et al., 2023a; Masaki et al.,
2022; Masaki et al., 2023b; Monte et al., 2023; Oh et al., 2016; Sirin
Ahisha et al., 2025; Umay et al., 2019; Yin et al., 2021) using the Hoehn
and Yahr (H&Y) scale. In the control group of people with no diagnosis
of PD, 309 of these participants were classified as healthy or normal
subjects. Additionally, there were four to five cases of sarcopenia in the
control group of people with no diagnosis of PD (Chen et al., 2023), 6
cases of diabetes mellitus (Sirin Ahisha et al., 2025), and 4 cases of
coronary artery disease (Sirin Ahisha et al., 2025).

3.3. Measurement methodology

The muscle(s) of interest and the reported muscle architectural
variable(s) are detailed in Appendix A (Supplementary Material 2, on-
line only). A wide range of muscles were evaluated, including upper
body, abdominal, lower body, facial muscles, and the tongue. The most
common muscles assessed were the vastus lateralis (VL) (Calaway et al.,
2025; Magris et al., 2024; Martignon et al., 2021; Masaki et al., 2023a;
Masaki et al., 2022; Monte et al., 2023), rectus femoris (RF) (Abrahin
et al., 2020; Calaway et al., 2025; Lim et al., 2025; Masaki et al., 2023a;
Masaki et al., 2022; Masaki et al., 2023b), and medial and lateral heads
of the gastrocnemius (Ding et al., 2024; Masaki et al., 2023a; Masaki
et al., 2022; Smart et al., 2020; Yin et al., 2021). The most common
muscle architectural variable investigated was MT (Abrahin et al., 2020;
Aktar et al., 2023; Calaway et al., 2025; Chen et al., 2023; Ding et al.,
2024; Donizetti Verri et al., 2019; Goz et al., 2023; Lim et al., 2025;
Magris et al., 2024; Masaki et al., 2023a; Masaki et al., 2022; Masaki
et al., 2023b; Monte et al., 2023; Oh et al., 2016; Sirin Ahisha et al.,
2025; Umay et al., 2019; Yilmaz et al., 2023; Yin et al., 2021), followed
by PA (Chen et al., 2023; Ding et al., 2024; Magris et al., 2024; Mar-
tignon et al., 2021; Monte et al., 2023; Smart et al., 2020), FL (Chen
et al., 2023; Ding et al., 2024; Magris et al., 2024; Monte et al., 2023;
Smart et al., 2020) and CSA (Lim et al., 2025; Smart et al., 2020; Umay
et al., 2019).



Table 1
Study details, location (by primary author), aim(s), and participant demographics and general characteristics of the studies.
Author & Title Sample Characteristics
Country R L. . . - .
Study Aim(s) and Objectives n Age (years) Sex Disease Severity of Symptoms Medication Details
Mean + SD Duration (years Motor Function Progression /
reported, and Mean + SD (Assessed by Staging of
unless reported, unless UPDRS-III) Functional
mentioned mentioned Disability
otherwise otherwise) (Assessed by
Hoehn and Yahr
scale)
Abrahin et al. Muscle thickness and To check whether there is PD: 31 PD: 64.6 + N/A 4.5 + 2.7 years N/A H&Y: 1 (1-2) N/A
(2020) functional performance of difference between MT values 10.6 median (25th —
Brazil patients with Parkinson's measured by US at three 75th quartile)
disease. different points in the flexor
muscles of the elbow and knee
extensors of PD patients; and to
check whether there is
correlation between MT
measures and functional
performance (chair stand test
and arm curl) in patients with
PD.
The Relationship between To investigate whether changes PD: 22 PD: 65 PD: 17M/5F 4 (median) UPDRS-IIIL: Modified H&Y: N/A
Aktar et al. Transversus Abdominis and in TrA and IO thickness during
(2023) Internal Oblique Thickness the ADIM were associated with (median) 24 Stage 1: 5
Turkey and Disease-Related clinical manifestations, core (20.25-34.00) Stage 2: 8
Characteristics in Parkinson's endurance, and functional Stage 2.5: 8
Disease: An Ultrasound-Based mobility in patients with PD. Median (IQR) Stage 3: 1
Study.
The value of ultrasound To elucidate the specific PD: 68 (12 with PD: (range PD: 33M/35F N/A N/A N/A N/A
Chen et al. measurement of muscle ultrasonic diagnostic sarcopenia, 56 without 51-79)
(2023) thickness at different sites and parameters associated with PD sarcopenia) CG: 16M/25F
China shear wave elastography in accompanied by sarcopenia CG: (range
Parkinson's disease with through a comparative analysis CG: 42 (4 or 5 with 50-78
sarcopenia: a pilot study. of muscle US parameters in sarcopenia, 37 without
patients with PD. sarcopenia)
The effects of Pilates training Examine the effects of Pilates PD: 23 PD PD PD Intervention UPDRS-III: Modified H&Y N/A
Goz et al. on abdominal muscle training on the TrA and I0 MT Intervention Intervention Group: 4.63 +
(2023) thickness and core endurance and core endurance in different Group: 65.62 Group: 11M/ 2.85 PD Intervention PD Intervention
Turkey in patients with Parkinson's positions in patients with PD. + 8.94 2F Group 26.61 + Group:
disease: a single-blind PD CG: 4.70 + 10.47
controlled clinical study. PD CG: 68.20 PD CG: 9M/1F 3.36 Stage 1: 3
+7.69 PD CG 27.40 + Stage 2: 4
5.60 Stage 2.5: 5
Stage 3: 1
PD CG:
Stage 1: 1
Stage 2: 5
Stage 2.5: 4
Characterization of the vastus To characterise the VL torque- PD: 11 PD: 70.5 £+ PD: OM/2F PD: 6.1 £+ 4.36 UPDRS-IIL: H&Y: 1.50 + Madopar, Sinemed,
Magris et al. lateralis torque-length, and fascicle length and knee 5.28 0.65 Mirapixin, Oxyen, Sirio,
(2024) Italy knee extensors torque-velocity extensors torque-angular CY: 10 CY: 6M/4F 27.3+13.2 Rantal, Ropinirol, Requir.
and power-velocity velocity and power-angular CY: 25.1 +
velocity relationships in PD CR: 9 1.73 CR: 8M/1F

(continued on next page)
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Table 1 (continued)

Author &
Country

Title

Sample Characteristics

Study Aim(s) and Objectives n Age (years) Sex Disease Severity of Symptoms Medication Details
Mean + SD Duration (years Motor Function Progression /
reported, and Mean =+ SD (Assessed by Staging of
unless reported, unless UPDRS-III) Functional
mentioned mentioned Disability
otherwise otherwise) (Assessed by
Hoehn and Yahr
scale)
relationships in people with patients and to investigate the
Parkinson's disease. influence of muscle geometry on CR: 68.3 +
muscle mechanics. 5.36
Comparison of the mass and To compare the masses and PD: 8 PD: 69.4 + 2.8 PD: 1M/7F PD: 189.5 UPDRS-III: H&Y: 3 N/A
Masaki et al. amount of intramuscular non- amounts of intramuscular non- (median)
(2022) contractile tissue and lower contractile tissue of the trunk CG: 26 CG:71.2+28 CG: 6M/20F (months) 9.5 (12.0-4.5)
Japan extremity muscles between and lower extremity muscles
patients with Parkinson's measured in detail using an US Median (IQR)
disease and community- imaging device, sagittal spinal
dwelling older adults. alignment, and mobility and
balance between patients with
PD and community dwelling
older adults.
Association of sagittal spinal To examine the association of PD: 10 PD: 69.9 + 7.7 PD: OM/10F PD: 166.0 + UPDRS-IIIL: 9.2 H&Y: 2.7 +£ 0.7 N/A
Japan alignment in the standing sagittal spinal alignment in the 78.4 (months) +5.8
position with the masses and standing position with the
amounts of intramuscular masses and amounts of Range 3.0-23.0
non-contractile tissue of the intramuscular non-contractile
trunk and lower extremity in tissue of multiple trunk and
muscles in patients with lower extremity muscles, such
Parkinson's disease. as the hip joint muscles.
Association of activities of To examine the association of PD: 11 PD: 69.7 £ 7.3 PD: 1M/10F PD: 184.4 + UPDRS-IIL: H&Y: 3 N/A
Japan daily living, mobility and ADL, mobility and balance 96.2 (median)
balance ability, and symptoms ability, and PD symptoms with 9.5+ 5.6
of Parkinson's disease with the the masses and amounts of (months)
masses and amounts of intramuscular non-con- Range 3.0-23.0
intramuscular non-contractile tractile tissue of the trunk and
tissue of the trunk and lower lower extremity muscles,
extremity in patients with measured in detail using an
Parkinson's disease. ultrasound imaging device in
patients with PD.
Muscle shape changes in To better understand how an PD: 15 PD: 70 + 4.8 PD: 11M/4F N/A UPDRS-IIIL: H&Y: 1.54 + N/A
Monte et al. Parkinson's disease impair impairment in structural/ 0.66
(2023) Italy function during rapid mechanical (peripheral) factors CG: 12 CG: 67.5+£5.7 CG: 10M/2F 26.5+ 125
contractions. could explain the difficulty of
PD patients to raise torque
rapidly.
The key role of physical To compare quadriceps PD: 10 PD: 66 £+ 7 PD: 5M/5F 5.9+ 4.1 UPDRS-IIL: H&Y: 2.3 £ 0.4 N/A
Martignon activity against the maximal force and the
et al. (2021) neuromuscular deterioration contribution of central and CG: 10 CG:70+6 CG: 5M/5F 25+7
Italy in patients with Parkinson's peripheral components of force

disease.

production during a maximal
isometric task between
physically active PD and
healthy individuals.

(continued on next page)

‘1D 32 puznLyog N

£€£901 (9202) TET SANMDYaWIOIG [DIUND



Table 1 (continued)

Author & Title Sample Characteristics
Country R .. . . - .
Study Aim(s) and Objectives n Age (years) Sex Disease Severity of Symptoms Medication Details
Mean + SD Duration (years Motor Function Progression /
reported, and Mean =+ SD (Assessed by Staging of
unless reported, unless UPDRS-III) Functional
mentioned mentioned Disability
otherwise otherwise) (Assessed by
Hoehn and Yahr
scale)
Importance of Maximal To ascertain the influence of PD: 9 PD:70 £ 5 PD: 3M/6F 6+3 UPDRS-IIL: N/A Seven of the PD
Smart et al. Strength and Muscle-Tendon MVC force and gastrocnemius- participants were on
(2020) Mechanics for Improving Achilles MTU behaviour on FS CG: 9 CG:70+7 CG: 3M/6F 12.7 £ 6.7 prescribed dosages of
Canada Force Steadiness in Persons in patients with PD. levodopa/carbidopa.
with Parkinson's Disease.
Characterizing Camptocormia To explore whether muscle PD CC: 17 (seven aCC, PD wnCC: PD wnCC: PD: 7.8 £ 6.3 UPDRS-III: N/A Levodopa equivalent
Yilmaz et al. in Parkinson's Disease Using ultrasonography is applicable to 10 cCQ) 71.5+9.2 10M/9F daily dose (mg/d):
(2023) Muscle Ultrasonography. detect muscular changes of CC PD-aCC: 10.7 PD: 23.0 £ 9.5
Turkey in PD. PD wnCC: 19 PD-aCC: 77.6 PD-aCC: 5M/ +8.4 PD: 670 + 5.5
+ 4.5 2F PD-aCC: 24.7
CG: 18 PD-cCC: 15.5 +10.6 PD-aCC: 782 + 385
PD-cCC: 72.5 PD-cCC: 6M/ +6.8
+6.8 4F PD-cCC: 31.9 PD-cCC: 806 + 223
+ 4.6
CG:75.5+ 6.4 CG: 11M/7F
Effects of Parkinson's disease To investigate the impairment PD: 12 PD: 66.1 + 3.3 N/A N/A N/A PD patients with N/A
Donizetti on molar bite force, of the stomatognathic function stages I and III
Verri et al. electromyographic activity regarding molar bite force, CG: 12 CG: 65.8 + 3.0 according to the
(2019) and muscle thickness of the electromyographic activity and H&Y scale
Brazil masseter, temporal and thickness of the craniocervical
sternocleidomastoid muscles: muscles in patients with PD in
A case-control study. comparison with those in
asymptomatic controls.
Swallowing in Parkinson's To assess the swallowing PD: 120 (63 with PD: 63.3 + PD: 77M/43 PD: 9.27 +5.13 UPDRS-III: Modified H&Y: N/A
Umay et al. disease: How is it affected?. function in PD patients in both dysphagia, 57 without 8.67 2.03 +£0.12
(2019) clinical and subclinical period of dysphagia) CG: 47M/13F 14.56 + 9.14
Turkey dysphagia compared to healthy CG: 62.97 +
subjects by using multimodal CG: 60 7.79
anatomic and physiologic
methods.
Shear wave elastography To explore the force changes of PD: 75 (prospectively) PD PIGD: 66.0 PD PIGD: PD PIGD: 4.5 UPDRS-III: PD PIGD: H&Y — Author states that the
Ding et al. characteristics of the the lateral head of the - 31 TD and 44 PIGD +8.1 20M/24F yrs. 2.5 (1.50-3.0) main types of medication
(2024) gastrocnemius muscle in gastrocnemius muscle at both PD PIGD 23.2 IQR consumed by patients
China postural instability gait resting and exercise states in CG: 40 PD TD: 65.3 + PD TD: 20M/ PD TD: 3.0 yrs +10.2 include hydrochloric acid
disorder vs tremor dominant patients with PIGD and TD using 6.8 11F PD TD: H&Y - benserazide (Madopar),
Parkinson's disease patients. SWE; and measure some two- PD TD: 19.8 + 2.0 (1.0-2.3) pramipexole
dimensional ultrasonic CG: 63.2+£5.3 CG: 17M/23F 12.6 IQR hydrochloride (Sifrol),
parameters and make a and amantadine
comparative analysis. hydrochloride
(Amantadine).
Quantitative Evaluation of To investigate the feasibility of PD: 28 PD: 63 + 8.5 PD: 15M/13F PD: 5.2 + 2.7 N/A H&Y: 1-2 Patients were asked to
Yin et al. Gastrocnemius Medialis SWE as a new quantitative and continue their
(2021) Stiffness During Passive objective method to evaluate CG:12 CG:59.3 + 6.4 CG: 7M/5F medications for PD (e.g.,
China Stretching Using Shear Wave muscle stiffness of the

Elastography in Patients with
Parkinson's Disease: A

gastrocnemius medialis muscle
in patients with PD during
passive stretching.

madopar).
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Table 1 (continued)

Author & Title Sample Characteristics
Country R .. . . - .
Study Aim(s) and Objectives n Age (years) Sex Disease Severity of Symptoms Medication Details
Mean + SD Duration (years Motor Function Progression /
reported, and Mean =+ SD (Assessed by Staging of
unless reported, unless UPDRS-III) Functional
mentioned mentioned Disability
otherwise otherwise) (Assessed by
Hoehn and Yahr
scale)
Prospective Preliminary
Study.
Assessment of Oropharyngeal PD: 24 (all had PD: 71.67 + PD: 24M PD:7.21 £5.96 N/A H&Y: 2 +£1.54 N/A
Oh et al. Dysphagia in Patients With To use US in healthy controls dysphagia) 5.10 CG: 24M
(2016) Parkinson Disease: Use of and PD patients to compare the
South Korea Ultrasonography. shortest hyoid-thyroid distance, CG: 24 CG: 66.71 +
tongue thickness, and the time 12.97
interval between the initiation
of tongue movement and the
shortest hyoid-thyroid
approximation; and to
demonstrate whether the above
US parameters were correlated
with PD severity and VFSS
findings.
Muscle Ultrasonography as a To evaluate the feasibility of PD: 85 (31 with PD with PD with N/A PD with H&Y Levodopa equivalent
Lim et al. Diagnostic Tool for Assessing muscle ultrasonography as a sarcopenia, 54 without  sarcopenia: 73 sarcopenia: sarcopenia: daily dose (mg/d):
(2025) Sarcopenia in Parkinson's diagnostic tool for assessing sarcopenia) (69-77) 15M/16F 26.5 PD with
Taiwan Disease. sarcopenia in patients with (16.8-33.3) sarcopenia: 1.5 PD with sarcopenia: 750
Parkinson's disease. PD without PD without (1-2.5) (393.8-917.2)
sarcopenia: sarcopenia: PD without
66.5 (63-70.3) 26M/28F sarcopenia: PD without PD without sarcopenia:
19.5 sarcopenia: 1 568.8 (328.1-1001.6)
(median and (11.8-26.3) (1-2)
interquartile
range) (median and (median and
interquartile interquartile
range) range)
Velocity-Based-Training To compare the impact of two PD: 47 individuals with PD group PD group PD group N/A H&Y: 1-3 Unclear. Author states
Calaway Frequency Impacts Changes in different frequencies of PD were enrolled in the  training 2 days training 2 training 2 days that variations in PD
et al. (2025) Muscle Morphology, velocity-based study, with 18 per week: 73.1 days per per week: 6.3 6 medications used and
United Neuromuscular Performance, training—specifically, 2 versus participants included in +6.3 week: 6M/3F 5.1 time between
States of and Functional Capability in 3 days per week—on changes in  the final analysis—9 in administration of
America Persons With Parkinson's lower-limb muscle morphology the group training PD group PD group PD group medications and testing
Disease. (muscle thickness and echo three days per week training 3 days training 3 training 3 days or training may have
intensity), neuromuscular and 9 in the group per week: 71.3 days per per week: 5.7 6 affected the intervention
performance (strength and training two days per +5.2 week: 6M/3F 4.1 and results.
power), and functional capacity week.
in persons with Parkinson's
disease.
Ultrasonographic assessment To dynamically assess PD: 30 (13 PD subjects ~ PD: 71.50 (11) PD: 15M/15F PD with UPDRS-III: H&Y Clinically stable and not
Sirin Ahisha of dysphagia in Parkinson's swallowing function in early- with dysphagia, 17 PD CG: 68 (7) CG: 20M/10F dysphagia: 17 in the off period, and not
et al. (2025) disease: a controlled study. and mid-stage PD patients using subjects without (36) PD with PD with to be receiving any
Turkey ultrasonography and compare dysphagia) (median and dysphagia: 26 dysphagia: 2 (2) treatment other than
the findings with healthy CG: 30 interquartile PD without (40) routine antiparkinsonian
controls. range) dysphagia: 12 PD without medication that could
(38) PD without dysphagia: 2 (1)
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Table 1 (continued)

Sample Characteristics

Title

Author &

Medication Details

Symptoms
Progression /

Severity of
Motor Function

Disease
Duration (years
and Mean + SD
reported, unless

Sex

Age (years)
Mean + SD

Study Aim(s) and Objectives

Country

Staging of
Functional

(Assessed by
UPDRS-III)

reported,
unless
mentioned

Disability
(Assessed by
Hoehn and Yahr

mentioned
otherwise)

otherwise

scale)

affect swallowing

dysphagia: 12

(10) median (IQR) function.

Months;
median (IQR)

median (IQR)

Abbreviations: aCC, acute camptocormia; ADIM, abdominal drawing-in manoeuvre; ADL, activities of daily living; CC, camptocormia; cCC, chronic camptocormia; CG, control group; CR, age-matched healthy controls;

CY, young healthy controls; F, female; FS, force steadiness; H&Y, Hoehn and Yahr; IO, internal oblique; IQR, interquartile range; M, male; MT, muscle thickness; MTU, muscle-tendon unit; MVC, maximum voluntary

contraction; N/A, not available; PD, Parkinson's disease; PIGD, postural instability gait disorder; SD, standard deviation; SWE, shear wave elastography; TD, tremor dominant; TrA, transversus abdominis; UPDRS, unified

Parkinson's disease rating scale; US, ultrasound; VFSS, videofluoroscopic swallowing study; VL, vastus lateralis; wnCC, with no camptocormia.
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3.4. Approach to measurement and reporting

A detailed summary of the US methodology used across the included
studies is provided in Appendix A (Supplementary Material 2, online
only). General Electric was the most frequently used US system, with 9
studies using this system. Most studies (n = 14) used a linear probe
(Aktar et al., 2023; Calaway et al., 2025; Chen et al., 2023; Ding et al.,
2024; Donizetti Verri et al., 2019; Goz et al., 2023; Lim et al., 2025;
Magris et al., 2024; Martignon et al., 2021; Masaki et al., 2023a; Masaki
et al., 2022; Masaki et al., 2023b; Monte et al., 2023; Umay et al., 2019),
and three studies used a convex (curved) probe (Oh et al., 2016; Sirin
Ahisha et al., 2025; Yilmaz et al., 2023). Anatomical assessment sites
varied significantly between studies. With respect to probe/transducer
frequency and sampling frequency, there was considerable variability in
the way these parameters were reported. Some studies report the central
frequency of the transducer (frequency of the US waves emitted by the
transducer), while others mention sampling frequency (potentially the
rate at which the US machine samples the returning echoes from the
tissue and converts them into digital signals), though the exact meaning
of these frequencies was not always clear. Moreover, probe positioning
on the muscle of interest varied significantly across studies. The appli-
cation of US transmission gel was documented in two studies (Abrahin
et al., 2020; Oh et al., 2016). Four studies (Abrahin et al., 2020; Chen
et al., 2023; Oh et al., 2016; Umay et al., 2019) reported minimal probe
compression or efforts to avoid excessive pressure. Other US device
settings (i.e., measurement depth, frame rate, gain) varied depending on
the target muscle. All studies evaluated the muscle(s) of interest at rest
(n = 20, see Supplementary Material 2, online only). Of these, eight
studies used US to observe dynamic changes in muscle architectural
parameters, with isometric contraction of lower limb muscles being the
most assessed movement (Magris et al., 2024; Monte et al., 2023; Smart
et al., 2020). Additionally, two studies assessed MA during the abdom-
inal drawing-in manoeuvre (ADIM) (Aktar et al., 2023; Goz et al., 2023),
while another three focused on mouth clenching and swallowing
(Donizetti Verri et al., 2019; Sirin Ahisha et al., 2025; Umay et al.,
2019). Three studies reported that the probe was attached to the muscle
of interest (Magris et al., 2024; Monte et al., 2023; Smart et al., 2020). To
prevent probe movement during dynamic assessments, the probe was
secured onto the muscle of interest using a plastic strap (Magris et al.,
2024) or a custom probe holder (Smart et al., 2020). The positioning of
the participants' joints varied depending on the research objectives, the
muscle being studied and the measurement parameter of interest (e.g.
assessment of the posterior muscles via US is typically completed with
the participants lying prone, while anterior muscles are assessed with
participants in a supine position). For data analysis, filtering of the US
data was not reported in any of the studies reviewed. Moreover, there
were no reports of MA normalisation in the included studies. Finally,
manual analysis of MA changes was used in nine studies (Aktar et al.,
2023; Calaway et al., 2025; Lim et al., 2025; Magris et al., 2024; Masaki
et al., 2023a; Masaki et al., 2022; Masaki et al., 2023b; Smart et al.,
2020; Yilmaz et al., 2023), while one study utilised an automated
tracking algorithm, UltraTrack, for the quantification of muscle archi-
tectural parameters (Monte et al., 2023), and the remaining studies
using an unspecified/unclear method.

3.5. Clinimetric properties

Six of the 20 papers directly reported clinimetric properties of the
muscle measurement technique(s) they employed (Abrahin et al., 2020;
Donizetti Verri et al., 2019; Lim et al., 2025; Oh et al., 2016; Sirin Ahisha
et al., 2025; Yilmaz et al., 2023) and five papers only cited clinimetric
values published previously (Aktar et al., 2023; Goz et al., 2023; Masaki
et al., 2023a; Masaki et al., 2022; Masaki et al., 2023b), and the
remaining nine studies did not report on the reliability or validity of the
employed US measurement technique. The statistical method used to
assess these clinimetric properties was the intraclass correlation
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coefficient (ICC). The reliability of US assessments of MA in PD was
consistently high across multiple studies. Ultrasonographic muscle
architectural measurements demonstrated consistently high reliability.
Intra-rater reliability was generally good to excellent, with ICCs ranging
from 0.68 to 0.999 across different muscle groups, including craniofa-
cial, limb, and swallowing muscles, and most studies reporting ICCs
above 0.90, indicating excellent reproducibility when measurements
were performed by the same examiner (Abrahin et al., 2020; Donizetti
Verri et al., 2019; Lim et al., 2025; Oh et al., 2016; Sirin Ahisha et al.,
2025). Inter-rater reliability was substantial to excellent, with ICCs be-
tween 0.75 and 0.97, reflecting consistent agreement across evaluators
for both limb and paravertebral muscle assessments (Lim et al., 2025;
Yilmaz et al., 2023). Together, these findings support the methodolog-
ical robustness and reproducibility of ultrasonographic assessments of
MA in clinical and research settings.

3.6. Reporting of additional outcomes

All twenty studies incorporated additional measures beyond muscle
variable(s), reflecting the distinct aims of each study. These additional
outcomes provide a more comprehensive understanding of PD and its
effects. They not only expand on muscle-related findings but also illus-
trate how changes in MA may relate to broader PD symptomatology and
progression. As PD impacts various aspects of health, including motor
function, physical performance, and induces clinical manifestations,
these additional outcomes offer valuable insights into the wider scope of
the disease. The most common additional outcomes assessed included
PD clinical manifestations (n = 14) (Aktar et al., 2023; Chen et al., 2023;
Ding et al., 2024; Goz et al., 2023; Lim et al., 2025; Magris et al., 2024;
Martignon et al., 2021; Masaki et al., 2023a; Masaki et al., 2022; Masaki
et al., 2023b; Monte et al., 2023; Sirin Ahisha et al., 2025; Umay et al.,
2019; Yin et al., 2021), PD symptom progression and staging of func-
tional disability (n = 12) (Chen et al., 2023; Ding et al., 2024; Goz et al.,
2023; Lim et al., 2025; Magris et al., 2024; Masaki et al., 2023a; Masaki
et al., 2022; Masaki et al., 2023b; Monte et al., 2023; Oh et al., 2016;
Sirin Ahisha et al., 2025; Umay et al., 2019), strength (n = 8) (Abrahin
etal., 2020; Calaway et al., 2025; Chen et al., 2023; Donizetti Verri et al.,
2019; Lim et al., 2025; Magris et al., 2024; Monte et al., 2023; Smart
et al., 2020), physical performance, functional mobility, and capacity (n
=7) (Abrahin et al., 2020; Aktar et al., 2023; Calaway et al., 2025; Chen
et al., 2023; Lim et al., 2025; Masaki et al., 2023a; Masaki et al., 2022)
and muscle echogenicity/echo intensity (muscle quality) (n 5)
(Calaway et al., 2025; Masaki et al., 2023a; Masaki et al., 2022; Masaki
et al., 2023b; Yilmaz et al., 2023).

3.7. Muscle architecture in individuals with PD

This section explores current findings on MA within individuals with
PD and in comparison, to their healthy peers, during resting and con-
tracted conditions. The main findings relating to the muscle variable(s)
measured are presented comprehensively in Appendix A (Supplemen-
tary Material 3, online only).

3.7.1. Rested condition individuals with PD vs. healthy peers

A total of 13 studies examined MA in individuals with PD compared
to their healthy peers in the resting condition (Chen et al., 2023; Ding
et al., 2024; Donizetti Verri et al., 2019; Magris et al., 2024; Martignon
et al., 2021; Masaki et al., 2022; Monte et al., 2023; Oh et al., 2016; Sirin
Ahisha et al., 2025; Smart et al., 2020; Umay et al., 2019; Yilmaz et al.,
2023; Yin et al., 2021). MA differences were small and inconsistent
across studies. Most studies (n = 9) reported no significant differences in
key muscle architectural parameters—MT, FL, PA, and CSA—between
PD patients and healthy controls across various muscle groups (Chen
et al., 2023; Magris et al., 2024; Martignon et al., 2021; Monte et al.,
2023; Oh et al., 2016; Sirin Ahisha et al., 2025; Smart et al., 2020; Yil-
maz et al., 2023; Yin et al., 2021). However, MT was significantly

10

Clinical Biomechanics 132 (2026) 106733

smaller in the PD group for gluteus maximus (Masaki et al., 2022),
tibialis anterior (Masaki et al., 2022), genioglossus (Umay et al., 2019),
masseter (Donizetti Verri et al., 2019; Umay et al., 2019), temporalis
(Umay et al., 2019), orbicularis oris (Umay et al., 2019), and sterno-
cleidomastoid muscles (Donizetti Verri et al., 2019), yet greater MT for
short head of the biceps femoris (Masaki et al., 2022) and temporalis
muscles (Donizetti Verri et al., 2019). Further differences were found
between PD and healthy controls when subgroups of the PD population
were investigated. Ding et al. (2024) reported that PD patients with
PIGD had significantly smaller gastrocnemius MT compared to healthy
controls; however, the same study also noted greater gastrocnemius MT
in PD patients with PIGD patients than in healthy controls, presenting
contradictory findings that raises questions about the consistency of the
results. Sex has also been shown to be an associated factor for specific
MA parameters. When compared to healthy controls of the same sex
female PD patients had reduced gastrocnemius MT, whereas male PD
patients displayed greater gastrocnemius PA (Chen et al., 2023). With
respect to studies investigating PD in combination with other conditions
associated with the elderly, Chen et al. (2023) observed a significant
reduction in gastrocnemius MT in male PD patients with sarcopenia
compared to healthy controls with sarcopenia. Furthermore, Yilmaz
et al. (2023) identified a significant reduction in MT of the lumbar
paravertebral muscles in PD patients with chronic CC compared to
healthy controls. In the study by Umay et al. (2019) healthy controls
exhibited significantly thicker oral phase muscles (i.e., genioglossus,
masseter, temporalis, orbicularis oris) compared to PD patients with
dysphagia. Umay et al. (2019) also reported that PD patients with
dysphagia had reduced CSA of the geniohyoid and anterior digastric
muscles when compared to healthy controls.

3.7.2. Contracted condition individuals with PD vs. healthy peers

A total of six studies examined MA in individuals with PD compared
to their healthy peers in the contracted condition (Donizetti Verri et al.,
2019; Magris et al., 2024; Monte et al., 2023; Sirin Ahisha et al., 2025;
Smart et al., 2020; Umay et al., 2019). The findings indicate that PD is
associated with impaired muscle adaptation and responsiveness during
contraction; but evidence is scarce and heterogenous. For instance,
Magris et al. (2024) reported reduced VL MT and less FL shortening in
the more affected limb of PD patients compared to healthy controls
during maximum isometric voluntary contraction (MIVC) of the knee
extensors. Similarly, Monte et al. (2023) observed smaller changes in MT
and PA of the VL during knee extensor MIVCs in PD patients compared to
healthy controls. However, findings are not consistent across all mus-
cles. Smart et al. (2020) found no significant differences in medial
gastrocnemius FL and PA during isometric plantar flexion between PD
patients and healthy controls, however, fascicle shortening was greater
in healthy controls than in PD patients. With respect to muscle function
during dental clenching, Donizetti Verri et al. (2019) demonstrated a
significantly greater temporal thickness and significantly thinner
masseter and sternocleidomastoid muscles in PD patients compared to
healthy controls. Moreover, Umay et al. (2019) reported that healthy
controls exhibited significantly thicker oral phase muscles (masseter,
temporalis, orbicularis oris) compared to both dysphagic and non-
dysphagic PD patients in the contracted states.

3.7.3. Rested condition individuals with PD

Fifteen studies assessed MA within individuals with PD in the rested
state, revealing both commonalities and distinct patterns (Abrahin et al.,
2020; Aktar et al., 2023; Calaway et al., 2025; Chen et al., 2023; Ding
etal., 2024; Goz et al., 2023; Lim et al., 2025; Magris et al., 2024; Masaki
et al., 2023a; Masaki et al., 2023b; Monte et al., 2023; Sirin Ahisha et al.,
2025; Umay et al., 2019; Yilmaz et al., 2023; Yin et al., 2021). Of these,
four assessed bilateral measurements and found no significant differ-
ences in MA parameters (Chen et al., 2023; Magris et al., 2024; Monte
et al., 2023; Yin et al., 2021). Furthermore, differences were found
within PD patients when subgroups of the PD population were
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investigated. Ding et al. (2024) reported that MT of the gastrocnemius
was smaller in PD PIGD patients when compared to PD TD patients.
Sarcopenia and sex have also been shown to be an associated factor for
specific MA parameters within individuals with PD (Chen et al., 2023;
Lim et al., 2025); for instance, Chen et al. (2023) found that PD sarco-
penic patients showed reduced gastrocnemius MT compared to non-
sarcopenic PD patients. With respect to sex, female PD patients with
sarcopenia had smaller gastrocnemius MT compared to female PD pa-
tients without sarcopenia, whereas male PD patients with sarcopenia
had smaller biceps brachii (BB) MT compared to male PD patients
without sarcopenia (Chen et al., 2023). Similarly, in the Lim et al. (2025)
study, the authors found that the PD sarcopenia group exhibited lower
BB MT, TA MT, and TA CSA compared to the non-sarcopenia PD group.
Furthermore, spinal muscle thinning was observed in PD patients with
chronic CC, distinguishing them from PD patients without CC, whereas
those with acute CC exhibited comparable MT with PD patients without
CC (Yilmaz et al., 2023). One study assessed patterns of MT along
anatomical gradients; they found that the distal sites of the BB muscle
and knee extensor muscles were thinner than their medial and proximal
landmarks (Abrahin et al., 2020). Meanwhile, analysis of craniofacial
muscles revealed no significant differences in the relaxed genioglossus,
masseter, temporalis, or orbicularis oris muscles between dysphagic and
non-dysphagic PD patients (Umay et al., 2019). However, pharyngeal-
phase muscles (i.e., geniohyoid and anterior digastric muscles) were
significantly thinner in dysphagic PD patients compared to non-
dysphagic PD patients, suggesting a localised thinning associated with
swallowing dysfunction (Umay et al., 2019).

3.7.4. Contracted condition individuals with PD

In contrast to the rested state, six studies assessed MA within PD
patients in the contracted state (Aktar et al., 2023; Goz et al., 2023;
Magris et al., 2024; Monte et al., 2023; Sirin Ahisha et al., 2025; Umay
et al., 2019). Of these studies, two studies focused on bilateral mea-
surements in PD patients during MIVCs of the knee extensor (Magris
et al., 2024; Monte et al., 2023), two studies assessed MA during the
ADIM (Aktar et al., 2023; Goz et al., 2023), one study explored MA
differences between PD patients with and without dysphagia during
contractions of the face muscles (i.e., clenching the teeth, slight smile)
(Umay et al., 2019), and one study assessed tongue thickness during
swallowing of water (Sirin Ahisha et al., 2025). Magris et al. (2024)
observed no differences in VL MT and PA between the more affected side
and the less affected side in PD patients. However, there was a signifi-
cant difference in FL between the more affected side and the less affected
side; where the FL of the VL in the more affected side did not shorten as
much as the less affected side during MIVCs of the knee extensors. Monte
et al. (2023) reported significant differences in the change in VL PA
during MIVCs, with the change in VL PA being smaller on the more
affected side compared to the less affected side; there were no significant
bilateral differences in the change in MT. Furthermore, In PD patients
with dysphagia, the contracted state thickness of the masseter muscle
was reported to be significantly reduced compared to those without
dysphagia, suggesting impaired chewing function (Umay et al., 2019).
Lastly, Sirin Ahisha et al. (2025) found that tongue thickness during
swallowing of water is similar between PD patients with and without
dysphagia.

3.7.5. Exercise-induced changes in muscle architecture in PD

Two studies examined how exercise affects MA in PD (Calaway et al.,
2025; Goz et al., 2023). Goz et al. (2023) reported that six weeks of
Pilates (twice weekly) significantly increased abdominal MT, particu-
larly in the IO and TrA during rest and ADIM. Many of these MT gains
were maintained at the 12-week follow-up. Calaway et al. (2025) found
that 12 weeks of velocity-based resistance training increased MT in the
RF and VL bilaterally. Training 2 vs. 3 days per week produced similar
hypertrophic effects (Calaway et al., 2025). Overall, both studies show
that targeted exercise such as Pilates and velocity-based resistance
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3.7.6. Correlations with PD clinical manifestations

The correlation between MA and clinical manifestations of PD was
explored in four studies (Aktar et al., 2023; Magris et al., 2024; Masaki
et al., 2023a; Sirin Ahisha et al., 2025). The MDS-UPDRS and H&Y have
been frequently used as a scale to grade the clinical manifestations of PD
and disease progression/staging. Aktar et al. (2023) found no significant
correlation between MT of transversus abdominis and clinical manifes-
tations of PD, whereas MT of internal oblique at rest and percentage
change (the change in MT between at rest and during ADIM) were
significantly correlated with MDS-UPDRS-I, MDS-UPDRS-II, rigidity and
bradykinesia subscores of MDS-UPDRS-III. In the Masaki et al. (2023a)
study, increased UPDRS-III score was related to decreased tibialis
anterior MT. In the Magris et al. (2024) study there were no significant
correlations between VL MT, PA, FL and UPDRS and H&Y. Similarly,
Sirin Ahisha et al. (2025) reported no significant correlations between
ultrasonographically assessed tongue thickness, and clinical measures of
disease severity.

3.7.7. Correlations with functional performance

For the purposes of this review, “functional performance” refers to
the ability to perform physical tasks and movements that are relevant to
daily activities or physical assessments. This includes tasks like standing,
walking, lifting, or maintaining balance which require strength, which
are often used to evaluate muscle function and overall physical capacity.
Several studies (n = 6) examined the relationship between MA and
functional performance in individuals with PD (Abrahin et al., 2020;
Aktar et al., 2023; Lim et al., 2025; Magris et al., 2024; Masaki et al.,
2023a; Masaki et al., 2023b). The findings, however, are mixed; two
studies found no significant associations (Abrahin et al., 2020; Magris
et al., 2024). In contrast, other studies observed that abdominal and
lumbar MT were significantly associated with core endurance, balance,
gait speed, or postural alignment (Aktar et al., 2023; Masaki et al.,
2023a; Masaki et al., 2023b). In the Lim et al. (2025) study, the authors
further demonstrated positive correlations between lower-limb MT/CSA
and handgrip strength, walking speed, balance scores, and appendicular
skeletal muscle mass index, while smaller muscle size related to poorer
functional scores. Overall, these findings suggest that greater MT and
CSA generally correspond to better strength, gait, and balance in PD,
supporting the functional relevance of US-derived muscle parameters in
this population.

4. Discussion

This scoping review provides a comprehensive summary of 20
studies using the US to investigate MA in individuals with PD. Regarding
the first research question, the application of US in PD research is
relatively recent, with the earliest publication dating back to 2016 and
seven studies published in 2023 alone. This trend highlights global ad-
vances in US technology and growing interest in understanding
musculoskeletal impairments in PD. The included studies varied
considerably in aims, origin, design, and sample characteristics. This
heterogeneity complicates direct comparisons but illustrates the broad
interest in this area of research. For the second research question, US
measurement methodology (i.e., muscle of interest, reported muscle
architectural variable) and approach to measurement and reporting (i.
e., US system and acquisition procedure) varied significantly between
studies. Only a minority of studies evaluated the clinimetric properties
of the muscle measurement technique(s) they employed, highlighting
the need for greater methodological standardisation. With respect to the
third research question, at rest MA differences between PD patients and
controls were minimal, though isolated variations (e.g., sex, PD subtype,
PD-related comorbid conditions) were noted. During muscle contrac-
tions, however, PD patients exhibit impaired responsiveness high-
lighting neuromuscular dysfunction. Emerging evidence suggests
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associations between MA and both PD manifestations (e.g., rigidity,
bradykinesia) and functional performance, indicating that worsening PD
symptoms may be associated with MA impairments, which in turn could
contribute to poor physical performance. Furthermore, the impact of
exercise on MA remains unclear. Only two intervention studies—one
using Pilates-based training and one employing velocity-based resis-
tance training—were identified, both of which demonstrated increases
in MT; this highlights a critical gap in the literature regarding whether
exercise interventions can modify MA and lead to improvements in
strength, function, and overall performance in PD populations.

4.1. What is the extent of the research?

4.1.1. Geographic distribution and study design

The published research originated from research groups based in
East Asia, Europe, North America, and South America. A notable feature
of the included studies was the broad variation in research design and
objectives. The majority of the included studies utilised a cross-sectional
study design (Abrahin et al., 2020; Aktar et al., 2023; Chen et al., 2023;
Ding et al., 2024; Magris et al., 2024; Martignon et al., 2021; Masaki
et al., 2023a; Masaki et al., 2022; Masaki et al., 2023b; Monte et al.,
2023; Oh et al., 2016; Sirin Ahisha et al., 2025; Smart et al., 2020; Umay
etal., 2019; Yilmaz et al., 2023; Yin et al., 2021) to compare variable(s)
of muscle(s) (i.e., within people with PD, between people with PD and
healthy controls, or between ‘more affected side’ and ‘less affected
side’). One study adopted a case-control design (Donizetti Verri et al.,
2019), while another employed a prospective single-centre diagnostic
design (Lim et al., 2025). In addition, one study was a single-blind
controlled clinical trial (Goz et al., 2023), and another applied a rand-
omised parallel experimental design, representing a secondary analysis
of two randomised parallel trials (Calaway et al., 2025). Longitudinal
research which tracks the natural progression of muscle in PD was
noticeably absent. While the numerous interventions available to per-
sons with PD admittedly make longitudinal study designs challenging
and restrictive, certain questions can only be answered using repeated-
measures or longitudinal methods. Therefore, efforts are needed to
investigate how these study designs might be incorporated into clinical
care (Vaswani et al., 2020).

4.1.2. Disease severity, functional disability and PD-related comorbidities
Regarding the severity of motor function, current research tends to
include a mix of individuals with relatively high motor functioning and
those with more substantial deficits. However, in terms of disease pro-
gression and functional disability, the current body of research pre-
dominantly investigates individuals with lower levels of functional
disability; few studies have investigated muscle parameters in PD pa-
tients at more advanced stages of the H&Y—such as those who are still
able to stand or walk unaided despite severe disability (H&Y stage 4)
(Masaki et al., 2023a; Masaki et al., 2022; Oh et al., 2016), and only one
study included PD patients who were wheelchair-bound or bedridden
unless assisted (H&Y stage 5) (Oh et al., 2016). Investigating MA across
low and higher spectrums of disease severity and disability, or both early
and late phases of PD is crucial, as it can provide a comprehensive un-
derstanding of disease progression and inform targeted therapeutic in-
terventions for all stages of the condition. This constrains the
generalisability of current findings, as severe disease may entail greater
muscle atrophy, echogenicity changes, and architectural disorganisation
from rigidity and disuse; future research should therefore include in-
dividuals with advanced PD stages to delineate disease-stage—specific
patterns of muscle change. Some PD patients also presented PD-related
comorbidities such as sarcopenia, CC, and dysphagia (Chen et al., 2023;
Oh et al., 2016; Umay et al., 2019; Yilmaz et al., 2023); these three
conditions are common in PD (Ponsoni et al., 2023; Srivanitchapoom
and Hallett, 2016; Suttrup and Warnecke, 2016), and may each inde-
pendently influence muscle structure and function (Laroche et al., 1995;
Larsson et al., 2019; Margraf et al., 2016; McCarty and Chao, 2021). As a
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result, it is difficult to disentangle muscle changes attributable to PD
from those arising from secondary comorbid processes. The lack of
systematic screening or adjustment for these factors may therefore
confound the interpretation of US-derived muscle parameters. Future
research should incorporate structured assessment of these comorbid-
ities and consider them in study design, analysis, and reporting to
improve the accuracy and interpretability of muscle-related outcomes in
PD.

4.1.3. Muscle selection and assessment

The VL, RF and gastrocnemius (medial and lateral) were the most
common muscles assessed; likely owing to being superficial muscles,
which allows for easier measurement via US, and their known clinical
relevance for PD (Allen et al., 2010) and functional importance (de
Almeida et al., 2022; Nocera et al., 2010; Stevens-Lapsley et al., 2012).
However, this common focus presents many issues. Most of our current
understanding of PD muscle is derived from the lower-limb muscles,
which may not necessarily provide a complete reflection of PD muscle.
Second, several studies reported on outcomes of only the VL muscle
(Magris et al., 2024; Martignon et al., 2021; Monte et al., 2023). While
the VL is undoubtedly functionally important, contributing to knee
extension and gait mechanics (Allen et al., 2010; de Almeida et al., 2022;
Nocera et al., 2010; Stevens-Lapsley et al., 2012), muscles very rarely
work in isolation; muscles and muscle groups continuously coordinate
their activation and synchronise their functions to maintain posture,
stability and balance of the body at rest and during dynamic movement
(Kimura et al., 2021). We therefore recommend that future research
should consider exploring the muscle group (e.g., quadriceps femoris
complex, triceps surae complex) rather than a single muscle (e.g., VL,
RF). Third, since most studies have examined lower limb muscles, the
upper limb musculature remains largely unexplored; this is restrictive,
since many clinically relevant PD symptoms and standard clinical as-
sessments involve the upper limbs, including finger tapping, bradyki-
nesia evaluation, and tremor, which is predominantly assessed in the
upper extremities (Bhidayasiri and Martinez-Martin, 2017); this is a
major gap that reduces the translational value of the current scientific
evidence. Expanding research to include upper-limb and deeper muscles
will provide a more comprehensive understanding of muscular changes
in PD.

4.1.4. Anti-parkinsonian medication

A small number of studies explicitly reported that PD patients were
consuming anti-parkinsonian medication(s) (Ding et al., 2024; Magris
et al., 2024; Sirin Ahisha et al., 2025; Smart et al., 2020; Yilmaz et al.,
2023; Yin et al., 2021), and most studies tested patients during the “ON”
phase, when medication is active, and symptoms are controlled (Aktar
et al., 2023; Ding et al., 2024; Goz et al., 2023; Lim et al., 2025; Magris
et al., 2024; Martignon et al., 2021; Masaki et al., 2022; Masaki et al.,
2023b; Monte et al., 2023; Smart et al., 2020; Umay et al., 2019; Yilmaz
et al., 2023). Although anti-parkinsonian medications target dopami-
nergic pathways rather than peripheral muscle tissue directly, their
potential influence on MA has not been examined and remains an open
question. Existing literature demonstrates clear effects of dopaminergic
medication on neuromuscular activation and biomechanical perfor-
mance, including alterations in voluntary activation, electromyogram
amplitude, and maximal torque output (Folland et al., 2011). These
findings indicate that medication can substantially modify neural drive
and motor behaviour. However, it is unknown whether such physio-
logical and biomechanical changes extend to muscle mechanical prop-
erties such as fascicle behaviour, pennation dynamics, or muscle-tendon
interaction, all of which are directly relevant to US-based MA assess-
ment. Interestingly, Calaway et al. (2025) reported that variations in PD
medications used and time between administration of medications and
testing or training may have affected the intervention and results.
Therefore, future US MA research should carefully document medication
regimens and consider testing both “ON” and “OFF” states to clarify
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whether and how medication status affects MA dynamics.

4.2. Ultrasound measurement techniques of muscle architecture in PD
and methodological quality

This review confirms that US has emerged as a practical, accessible
modality for examining MA in people with PD. However, the utility of
US in PD research depends on measurement methodology (i.e., muscle
of interest, architectural variables measured), and the rigour with which
acquisition and reporting procedures are implemented. These consid-
erations form the foundation for evaluating how US has been applied in
the current literature and highlight the methodological issues, as out-
lined below. Furthermore, the published research had challenges with
small sample sizes, varying PD severity and disease staging, differences
in PD subtypes, medication use, and other confounding factors. Sample
size is crucial, because a sample size that is smaller than necessary would
have insufficient statistical power, and a statistically non-significant
result could merely be because of inadequate sample size (type II or
false negative error). The included studies may have lacked an
adequately powered sample, making it difficult to draw strong conclu-
sions about MA in PD patients and limiting confidence in their findings.
A properly calculated sample size helps increase the reproducibility of
studies and generalisability of the results.

4.2.1. Measurement parameters and influencing factors

The muscle architectural parameters assessed include MT and CSA
(both indicators of muscle size and mass), FL (representing the number
of sarcomeres arranged in series, influencing contraction velocity), and
PA (reflecting the fibre packing strategy where shorter fibres are ori-
ented at an angle to the line of pull). Interpretation of these parameters
are highly sensitive to methodological choices; there is robust evidence
that joint position, contraction state, and region of muscle interest are
known to influence MA parameters (Abrahin et al., 2020; Charles et al.,
2022; Coenning et al., 2024; Fukunaga et al., 1997; Herbert and Gan-
devia, 1995; Torres et al., 2017). Attention to these factors is important
in PD; joint angle could increase muscle stiffness, bradykinesia could
affect fascicle contraction dynamics (Allen et al., 2009), and tremor
introduces involuntary oscillatory activity (Dirkx and Bologna, 2022),
all of which could modify MA at the moment of US measurement. The
current review confirms major variation in joint positioning across
studies, and none used electromyography (EMG) to monitor unintended
muscle activation during MA assessment (Donizetti Verri et al., 2019;
Martignon et al., 2021; Monte et al., 2023; Yin et al., 2021). Careful
control and transparent reporting of these factors are essential to ensure
that observed differences in MA reflect true disease-related changes
rather than measurement artefacts.

4.2.2. Image analysis techniques and extrapolation methods

MA was analysed mostly manually using the inherent tools of the US
machine (i.e., caliper-based tools, linear measurement function) (Aktar
et al.,, 2023; Smart et al., 2020; Yilmaz et al., 2023). Four studies
employed image processing software, ImageJ, to analyse MA parameters
manually (Calaway et al., 2025; Masaki et al., 2023a; Masaki et al.,
2022; Masaki et al., 2023b), while one study manually analysed MA
through a MATLAB custom script (Magris et al., 2024). Yet, manual
analysis is laborious and subjective and requires experience (Sarto et al.,
2021). Furthermore, manually analysing large image datasets is not only
time consuming but also leads to reduced focus and, thus, error prone-
ness (Ritsche et al., 2024). One study (Monte et al., 2023) used an
automated tracking software, UltraTrack, to quantify muscle architec-
tural variables; UltraTrack has been found to be repeatable, accurate,
and time-efficient, offering a more objective alternative to manual
analysis (Gillett et al., 2013). Auto tracking should be considered in
future studies to improve reliability and validity of data processing
methods. Where not possible robust definitions of manual processing
methods should be reported and inter-analyst reliability conducted to
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demonstrate reliability of the process. Moreover, two studies (Magris
et al.,, 2024; Smart et al., 2020) used extrapolation when fascicles
extended beyond the US field-of-view, but methodological details were
limited or unclear. This lack of transparency is important, as FL esti-
mation depends heavily on the extrapolation technique used. Common
approaches include: manual linear extrapolation (MLE) (Potier et al.,
2009); a trigonometric equation proposed by Blazevich et al. (2006),
providing FL estimations based on linear extrapolation of a straight line
parallel to a visible fascicle portion; and a second trigonometric equa-
tion, as detailed by Finni et al. (2001), where only the nonvisible
segment of the fascicle (outside the field of view) is linearly extrapo-
lated. A study by Franchi et al. (2020) showed that while all methods are
reliable, accuracy varies markedly: trigonometric equation-
s—particularly Blazevich et al. (2006)—tend to overestimate FL,
whereas MLE shows the closest agreement with extended field-of-view
imaging. Extended field-of-view US is recommended for accurate FL
assessment, and if unavailable, MLE using the largest possible field-of-
view is preferred, though further validation is needed (Franchi et al.,
2020). Consequently, FL. measurements reported in the studies included
in this review may be inaccurate or non-comparable, which limits con-
fidence in their architectural findings.

4.2.3. Probe selection and imaging conditions

In terms of the types of probes employed, it should be noted that
while linear array probes were commonly used, their reported fre-
quencies varied. Linear probes generally offer higher-resolution images,
but they are limited in penetration depth due to their higher frequency
range (Markowitz, 2011; Royall et al., 2011). The use of curvilinear
probes, which were reported in three studies (Oh et al., 2016; Sirin
Ahisha et al., 2025; Yilmaz et al., 2023), may indicate an attempt to
image deeper anatomical structures, as curvilinear probes typically
operate at lower frequencies, which allow for greater tissue penetration
but at the cost of resolution (Markowitz, 2011; Royall et al., 2011).
However, the exact reasoning behind choosing one type of probe over
another was articulated in the studies reviewed. Most studies obtained
three images per muscle site, which is strongly recommended because
the US is an “operator dependent” method and calculating the average of
three measures ensures more accurate results. Most studies measured
MA in resting conditions, but some used US to examine muscle behav-
iour during dynamic movement. The latter approach presents several
technical challenges. First, the transducer must be securely fixed to the
limb, which compresses underlying structures (Cronin and Lichtwark,
2013). Second, operators must ensure that the image plane remains
aligned with the fascicle direction; misalignment of the transducer may
cause FL measurements to be underestimated or overestimated
(Bolsterlee et al., 2016). Maintaining this alignment during dynamic
movements is challenging, especially since muscle fascicle arrangement
and shape change with contraction.

4.2.4. Reliability and blinding

Although not included in the results, assessor blinding was rarely
reported in the included studies (Ding et al., 2024; Umay et al., 2019;
Yilmaz et al., 2023). While blinding the assessor during US-based muscle
parameter acquisition can be challenging, it is possible to blind the in-
dividual responsible for digitizing the US assessments to the diagnostic
and intervention status and participant information. Reliability testing
of the acquisition and/or digitizing of the measurement technique was
reported in less than 25% of the papers, with most of the studies either
not reporting it at all or citing previous studies, often involving middle-
aged and elderly populations (particularly women), systematic reviews,
or studies including children and adolescents with cerebral palsy. While
the US is generally reliable for assessing MA in healthy populations
(Kwah et al., 2013), its suitability for PD patients remains unclear. Even
though the reported ICCs identified through this scoping review were
good (in those studies that did report reliability), the potential for
measurement error must be considered due to the unique challenges
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posed by PD. Tremors, muscular stiffness, and bradykinesia in PD may
complicate the assessment of MA. Future studies should address these
issues by incorporating rigorous reliability and validity testing in their
designs.

4.2.5. Data analysis and normalisation

For data analysis, filtering of the US data was not reported in any of
the studies reviewed. Due to the inherent noise in US based muscle
tracking, especially during dynamic tasks, temporal filtering (i.e., low-
pass filtering) is typically expected to reduce measurement error. The
absence of reported filtering methods raises concerns about the reli-
ability of dynamic measurements. Furthermore, a significant finding is
that none of the included studies in this scoping review reported nor-
malising MA parameters. Normalisation is crucial for allowing com-
parison among muscles, but also reducing variability related to
individual differences in body size, limb length, or muscle mass, making
results more comparable across populations (Son et al., 2024; Ward
et al., 2009). The broader literature has been shown to have conducted
normalisation to account for individual differences in body size or
morphology, for instance, FL to the length of the leg (Shortland et al.,
2002) or height (Gao et al., 2011), and CSA to body mass (Bland et al.,
2011). We do not propose the correct answer to normalising MA pa-
rameters, as there appears to be no consensus across the literature (both
healthy and diseased populations).

4.3. Muscle architecture

The underlying mechanism of MA alterations in PD are unknown;
however, in healthy muscle, MA is shaped by load-dependent processes
whereby FL, PA and MT remodel in response to mechanical demand
(Blazevich and Sharp, 2006). These adaptations are regulated by
satellite-cell activity, IGF-1/Akt-mTOR signalling, protein turnover via
the ubiquitin-proteasome and calpain systems, and mechanosensitive
proteins such as titin and dystrophin (Blazevich and Sharp, 2006). In the
context of PD, however, MA may be influenced not only by mechanical
loading but also by the CNS directly or indirectly. Impaired motor unit
recruitment, reduced neuromuscular drive, and compromised neuro-
muscular transmission could inhibit contraction-induced architectural
adaptation; these neuromuscular deficits may also contribute to disuse-
related atrophy and structural remodelling, ultimately accelerating
muscle wasting, weakness and functional decline. Across studies, resting
MA in PD appears largely preserved relative to healthy controls, espe-
cially in physically active PD patients (Magris et al., 2024; Martignon
et al., 2021; Monte et al., 2023). Yet, structural preservation does not
translate into normal neuromuscular function, as weakness and mobility
impairments persist (Chen et al., 2023). Within this broader pattern of
MA preservation, selective and clinically relevant atrophy is found in
gait (Masaki et al., 2022) and orofacial muscles (Donizetti Verri et al.,
2019; Umay et al., 2019), which may stem from disuse, altered activa-
tion, or chronic denervation, while increased thickness in compensatory
muscles (e.g., biceps femoris, temporalis) reflects maladaptive recruit-
ment. Moreover, sex-specific patterns—thinner gastrocnemius in fe-
males and greater PA in males with PD (Chen et al., 2023)—suggest that
males with PD had increased PA (Chen et al., 2023). Indicating sex may
influence the distribution and severity of muscle wasting in PD, poten-
tially driven by hormonal, genetic, or activity-level differences
(Atkinson et al., 2010; Roth, 2012), and warrant consideration in clin-
ical assessments and therapeutic strategies.

The PD-related comorbidities—CC, sarcopenia, and dysphagia—also
contribute to greater muscle degradation (Chen et al., 2023; Lim et al.,
2025; Umay et al., 2019; Yilmaz et al., 2023). Importantly, the trunk-
focused studies included in this review highlight a distinct trajectory
of involvement in axial musculature; while most paraspinal and
abdominal muscles appear structurally preserved in PD, reduced lumbar
paraspinal thickness was observed specifically in individuals with
chronic CC (Yilmaz et al., 2023), indicating that axial muscles may
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become compromised when postural deformities are present. This
pattern is consistent with biopsy evidence showing chronic myopathic
changes, fibre disorganisation, and increased connective tissue in the
paraspinal muscles of people with PD-related camptocormia (Spuler
et al., 2010), supporting the possibility of direct muscle involvement in
this phenotype. In PD without such deformities, trunk-muscle alter-
ations were modest, although some studies reported associations be-
tween spinal alignment, muscle quality, and reduced activation of deep
abdominal muscles. Taken together, these findings suggest that axial
muscles, while generally preserved in typical PD, may be dispropor-
tionately vulnerable to chronic postural load, rigidity, and neuromus-
cular disruption when postural abnormalities develop. Accordingly,
muscle-group-specific patterns should be considered when interpreting
MA in PD.

Architectural impairments become apparent during muscular con-
tractions in patients with PD compared to healthy controls. Monte et al.
(2023) and Magris et al. (2024) suggested that the inability of the muscle
to change shape in PD results from increased muscle stiffness (rigid
hypertonia), although a direct mechanistic link has not yet been
confirmed. Evidence from spastic cerebral palsy populations (Ahblom
et al., 2024) suggest that increased stiffness (spasticity) is frequently
accompanied by shorter fascicles, reduced PA, and restricted joint range
of motion, supporting the hypothesis that hypertonia alters the me-
chanical behaviour of muscle fibres. However, whether this mechanism
fully explains PD-specific architectural impairments requires further
investigation. Furthermore, at rest, studies show consistent bilateral MA
symmetry in patients with PD (Chen et al., 2023; Magris et al., 2024;
Monte et al., 2023; Yin et al., 2021); this bilateral symmetry suggests
that, in the rested state, muscle morphology alterations in PD may
manifest more as a systemic characteristic rather than unilateral deficits.
In contrast, the ability of the muscle to change shape is impaired on the
more affected limb in PD (Magris et al., 2024; Monte et al., 2023);
importantly, these alterations occurred even though maximal isometric
torque was comparable bilaterally, indicating that PD primarily limits
dynamic, rather than static, force-generating capacity. Supporting this
interpretation, the more affected limb exhibited slower and diminished
torque development, reduced power output, and lower EMG amplitudes,
all of which point to deficient neuromuscular activation rather than
intrinsic contractile impairment. Collectively, these findings suggest
that PD disrupts the interaction between neural drive and functional
architectural adjustments, particularly during tasks requiring rapid or
high-intensity muscle activation.

4.3.1. Exercise and muscle architecture in PD

Evidence examining how exercise influences MA in PD is limited,
with only two studies directly investigating this relationship (Calaway
etal., 2025; Goz et al., 2023); as a result, it is insufficient to draw clinical
implications. Nevertheless, their findings suggest that exercise and/or
physical activity can promote hypertrophic adaptations, as reflected by
increased MT; this suggests that despite neurodegenerative constraints,
the skeletal muscle of individuals with PD retains the capacity for
remodelling when stimulated. These findings align with evidence from
broader exercise physiology and biomechanics research, where resis-
tance strength and aerobic training induce architectural adaptations in
both healthy individuals (Aagaard et al., 2001; Alegre et al., 2006;
Gondin et al., 2005; Kawakami et al., 1995; Nunes et al., 2024; Timmins
et al., 2016) and those with chronic conditions (Alcazar et al., 2019;
Krase et al., 2022; Westerberg et al., 2018). In PD, these findings un-
derscore the potential of exercise to counteract disuse-related atrophy
and neuromuscular inefficiency, but the current evidence base remains
sparse and short-term. Longitudinal trials integrating pre-post US as-
sessments, EMG, and functional outcomes are essential to clarify
whether architectural improvements translate into better motor control
and performance. Future studies should also examine how training
variables—such as contraction mode (e.g., concentric, eccentric), range
of motion, and velocity—shape fascicle and pennation adaptations in PD
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muscle, as these factors critically influence force production and
movement efficiency in other populations (DE Oliveira et al., 2023;
Lieber and Fridén, 2001; Timmins et al., 2016).

4.3.2. MA and clinical manifestations of PD

Utilising US to identify alterations in MA, and examining how these
relate to clinical manifestations of PD, holds promise for improving early
detection of muscular impairments that may contribute to functional
decline. Research directly linking MA with PD manifestations is still in
the early stages. Across the available studies, relationships between MA
and clinical severity appear to be both muscle-specific and symptom-
dependent, suggesting that PD does not affect all muscles uniformly.
Findings such as the association between reduced distal lower-limb MT
and higher UPDRS motor scores support the idea that progressive motor
impairment may contribute to disuse-related atrophy in muscles critical
for gait and postural control (Masaki et al., 2023a). Conversely, corre-
lations between IO thickness and rigidity or bradykinesia imply that
axial musculature may undergo compensatory or maladaptive adapta-
tions in response to core PD symptoms (Aktar et al., 2023); this aligns
with prior work suggesting that trunk muscle activation patterns are
altered in PD, potentially as a strategy to maintain postural stability
amid impaired motor control (Cole et al., 2017). In contrast, the absence
of a relationship between knee extensor MT and clinical severity in the
study by Magris et al. (2024) may reflect the moderating influence of
physical activity levels. Given that participants in Magris et al. (2024)
study were physically active, it is plausible that regular physical exercise
attenuated the expected muscle loss or dysfunction, a hypothesis
consistent with studies showing preserved lower limb function because
of exercise and/or physical activity in PD populations (Falvo et al., 2008;
Lauzé et al., 2016). Overall, these early findings point toward a complex
interaction between disease severity, muscle-group function, and
behavioural factors, underscoring the need for more targeted research to
clarify how MA relates to clinical progression in PD.

4.3.3. MA and functional performance in PD

Using US-derived MA measures to understand functional capacity in
PD is increasingly promising, although research remains limited.
Available evidence indicates that relationships between MA and func-
tion are muscle- and task-specific, rather than uniform. Findings from
Aktar et al. (2023) show that dynamic activation of deep abdominal
muscles, rather than resting thickness, relates more strongly to core
endurance and mobility, highlighting the importance of neuromuscular
control. Trunk-focused studies similarly suggest that reduced lumbar
extensor thickness and quality (echo intensity) is linked to poorer bal-
ance and postural alignment (Masaki et al., 2023a; Masaki et al., 2023b),
consistent with broader ageing literature in which reduced paraspinal
MT and quality (echo intensity) are associated to impaired balance and
sagittal alignment (Kim et al., 2019a; Kim et al., 2019b). Lower-limb
studies also support a functional role for MA, with greater MT or CSA
associated with better gait speed, strength, and balance—particularly in
those who are PD sarcopenic (Lim et al., 2025). However, several studies
report no clear associations, reflecting heterogeneity in disease severity,
assessment methods, and physical activity levels. Overall, the emerging
evidence suggests that both muscle structure and activation capacity
contribute to functional performance in PD, underscoring the need for
integrated assessments in future research.

It is evident there's a strong interest in understanding how skeletal
muscle characteristics relate to both functional abilities and clinical
symptoms; however, to fully grasp muscle's influence on overall health
and mobility in individuals with PD, a comprehensive view of muscle
health, encompassing its morphological and underlying biological pro-
cesses like metabolism and cellular functions, is essential (Caviness
et al., 2000; Glendinning and Enoka, 1994; Murphy and Lynch, 2023;
Nicoletti et al., 2021; Seo and Yeo, 2021). Focusing on morphological
aspects, PD affects muscle function which is influenced by MA (e.g., FL,
PA, MT) which is closely associated with muscle strength, power, and

15

Clinical Biomechanics 132 (2026) 106733

rate of torque development (RTD), as it reflects the structural charac-
teristics that underpin muscular force generation (Ando et al., 2015;
Freilich et al., 1995; Strasser et al., 2013). This is important as people
with PD are characterised by muscle weakness, demonstrating signifi-
cant impairments in mechanical muscle function—including strength,
power, and RTD (Gamborg et al., 2023). These impairments in muscle
function in individuals with PD have been described in terms of low peak
force or torque, as assessed during isokinetic (dynamic) and isometric
maximal voluntary contractions (Koller and Kase, 1986; Manca and
Deriu, 2025; Monte et al., 2023; Skinner et al., 2019; Smart et al., 2020;
Stelmach et al., 1989; Stelmach and Worringham, 1988), slow RTD
(Monte et al., 2023; Park and Stelmach, 2006; Stelmach et al., 1989;
Stelmach and Worringham, 1988), and altered force variability (Skinner
et al., 2019; Smart et al., 2020; Stelmach et al., 1989). Future research
should focus on deeper exploration of the role of MA in force production
and strength, as the current evidence is scarce.

4.4. Limitations of the review

This review is not without limitations. Despite an extensive literature
review, some relevant studies may have been missed due to database
selection, search terms, and applied filters. For instance, only articles
published in English were included, which may limit the generalisability
of the findings to studies conducted in other languages, regions, or
populations. There is also a risk of bias as study selection was conducted
by one reviewer, however to minimise the impact of this all articles
where eligibility was uncertain were decided in combination with co-
authors. Additionally, the exclusion of conference proceedings and
short communications may have led to the omission of emerging
research in this area. Since this is a scoping review, all original research
studies were included regardless of study design or methodological
quality, which presents a potential risk of bias from lower-quality
studies. Assessing study quality, performing statistical analyses, or
evaluating the robustness of statistical methods used in the included
studies was beyond the scope of this review. The reporting of ICCs for
reliability analyses and statistically significant correlations was inten-
ded to summarise research activity rather than to draw direct statistical
comparisons across studies.

4.5. Future research considerations and recommendations

This review suggests that understanding PD muscle data is nearly as
intricate as PD itself. Several factors complicate the synthesis of our
current knowledge and a consistent interpretation of findings. These
include wide variations in study characteristics, methodology, US
techniques, the specific muscle architectural variables measured, how
results are reported (whether static or dynamic), and the reporting
conditions. Adding to this complexity are the inherent heterogeneity of
PD among individuals and the naturally dynamic and adaptable nature
of skeletal muscle.

We recommend:

1) Transparent and detailed reporting, including key patient infor-
mation—such as age, gender, height, body mass, race, health history,
disease severity and duration, participation in treatment or therapy,
physical activity levels, and exercise prior to testing—to enhance
comparability and interpretation across studies.

2) Tailoring the choice of MA measurement and selected muscles to
the research question's goals. Muscles should be considered within their
functional groups, rather than individually. During assessment, it is
crucial to either eliminate or report on potential confounding variations
in muscle measurement, such as joint positioning.

3) Future research should evaluate the necessity and methods for
normalising MA measurements to ensure meaningful comparisons
across individuals and studies. Studies must clearly report how MA
values are derived, including fascicle angle measurements and any
extrapolation techniques used.
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4) Longitudinal studies measuring MA should be carried out to gain
insights into how muscle changes progress as PD advances.

5) Future studies should recruit larger, more demographically
diverse, and clinically representative cohorts, including individuals with
advanced PD and greater motor impairment. Current research is skewed
toward early-to-moderate disease stages. Additionally, greater emphasis
should be placed on underexplored muscle groups—particularly upper
limb and fine motor muscles—which are clinically significant yet often
overlooked in existing literature.

6) More studies of dynamic muscle function are needed if we are to
understand how limb muscles function during activities of daily living.

7) People with PD experience gait difficulty, we propose that future
studies should explore the relationship between MA and walking gait
and turning.

8) Future research should integrate US with wearable sensors, EMG,
and inertial or force-based technologies to enable multimodal, longitu-
dinal monitoring of muscle structure and function, supporting the
development of personalised and adaptive rehabilitation strategies in
PD.

9) Interventional studies involving exercise, pharmacological, neu-
romodulation, and neurosurgical approaches are needed to clarify
causal links between treatments, muscle adaptation, and clinical out-
comes, including the potential for neuromodulatory interventions such
as AMPS to influence MA.

10) Further investigation is needed to determine how MA contributes
to force generation, strength, power, peripheral fatigue and RTD, as the
mechanical implications of architectural changes in PD remain unclear
despite established biomechanical principles.

11) Finally, further research is needed to examine the relationship
between MA and PD's clinical manifestations, identifying how motor
symptoms such as tremor, bradykinesia, and muscle stiffness contribute
to alterations in MA.
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