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a Comprehensive Review

Li Hou

Shandong Sport University, Jinan, Shandong, China

ABSTRACT

Background: Muscular dystrophies (MDs) are a group of genetically heterogeneous diseases characterized by pro-
gressive muscle degeneration and functional impairment. Current treatment options remain limited, highlighting
the urgent need for biomarkers to enhance diagnosis, monitor disease progression, and evaluate treatment effica-
cy across different subtypes, such as Duchenne muscular dystrophy (DMD), Becker muscular dystrophy (BMD),
facioscapulohumeral muscular dystrophy (FSHD), and limb-girdle muscular dystrophy (LGMD).

Methods: A search of the MEDLINE/PubMed databases was conducted for original and review articles that exam-
ined biomarkers associated with muscular dystrophies. Based on the findings from these articles, a comprehensive
review was constructed.

Results: The study identified significant advancements in various categories of biomarkers, including protein bio-
markers, microRNA profiles, imaging parameters, functional assessments, as well as emerging fields such as ex-
tracellular vesicles and epigenetic modifications.

Conclusions: Research on biomarkers in muscular dystrophies has evolved from a focus on single biomarkers to a
comprehensive multi-omics approach. Future research directions should emphasize multicenter validation and
the development of biomarker-guided therapeutic strategies to advance the application of personalized medicine
in muscular dystrophies.
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Muscular dystrophies (MDs) encompass a heteroge-
neous group of inherited neuromuscular disorders char-
acterized by progressive skeletal muscle degeneration,
weakness, and functional impairment, significantly af-
fecting patients' quality of life and longevity [1-12].
These conditions typically involve defects in structural
proteins that are critical for maintaining muscle integ-
rity, leading to recurrent cycles of muscle fiber damage,
inflammation, and eventual replacement of muscle tis-
sue with fibrotic and adipose tissue. The clinical spec-
trum of MDs ranges from severe, early-onset forms to
milder variants that present later in life, with Duchenne
Review Article accepted November 11, 2025 muscular dystrophy (DMD) being the most common
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and severe subtype. DMD results from a deficiency of
dystrophin, which causes progressive muscle wasting
and life-threatening cardiorespiratory complications. In
contrast, Becker muscular dystrophy (BMD) exhibits a
milder phenotype due to the presence of partially func-
tional dystrophin. Other forms, such as facioscapulohu-
meral dystrophy (FSHD), limb-girdle muscular dystro-
phy (LGMD), and myotonic dystrophy type 1 (DM1),
display distinct genetic mechanisms and clinical presen-
tations, including asymmetric weakness in FSHD and
progressive girdle muscle involvement in LGMD.
Despite decades of research, effective disease-modify-
ing therapies for most MDs remain limited, with current
treatments, such as glucocorticoids, offering symptom-
atic relief but often accompanied by significant side ef-
fects [13,14]. This therapeutic gap underscores the ur-
gent need for sensitive and specific biomarkers to en-
hance diagnosis, monitor disease progression, and eval-
uate therapeutic efficacy. Recent technological ad-
vances have revolutionized biomarker discovery, allow-
ing for the comprehensive characterization of molecular
signatures through multi-omics approaches [15,16], ad-
vanced imaging modalities [4,5,11], and innovative
functional assessments [17]. Biomarker research has ex-
panded to include a diverse array of categories [18-39],
such as protein biomarkers [7,23], microRNA signa-
tures [26,27], extracellular vesicles [28], and epigenetic
modifiers [9,29,30].

This review aims to systematically synthesize recent ad-
vances in biomarkers for MDs, drawing upon evidence
from recent studies across various MD subtypes. It will
critically examine the current landscape of biomarker
research, address ongoing challenges such as standard-
ization and validation, and explore future directions for
implementing biomarker-driven strategies in clinical
practice and therapeutic development.

Protein biomarkers

Significant progress has been made in identifying and
characterizing protein biomarkers across various forms
of muscular dystrophy, providing valuable insights into
disease mechanisms and potential tools for monitoring
disease progression and therapeutic response.

In Duchenne and Becker muscular dystrophies (DMD/
BMD), serum proteomic analysis has uncovered several
proteins with differential expression. A study utilizing
Data Independent Acquisition Mass Spectrometry iden-
tified proteins such as Creatine Kinase M-type (CKM),
Pyruvate Kinase (PKM), Fibrinogen Gamma Chain
(FGQ), Lactate Dehydrogenase B (LDHB), and Alpha-
2-Macroglobulin (A2M) as having altered longitudinal
signatures between DMD and BMD. These findings
suggest roles for these proteins in immune response, ex-
tracellular matrix organization, and hemostasis, extend-
ing beyond mere muscle leakage [7]. Additionally, Uri-
nary Titin, a degradation product of the giant sarco-
meric protein, has been established as a biomarker in
BMD, with elevated levels correlating with loss of am-
bulation, reduced muscle strength, and increased mark-
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ers of skeletal and cardiac damage, such as serum crea-
tine kinase and cardiac troponin I [23]. The alarmin
High Mobility Group Box 1 (HMGBI1) protein has also
emerged as a candidate biomarker, found to be elevated
in a human iPSC-derived skeletal myocyte model of
DMD and in the B10-mdx mouse model. Its reduction
following microdystrophin treatment suggests its poten-
tial as a biomarker for monitoring inflammatory pathol-
ogy and treatment efficacy [6]. Furthermore, a multi-
omics meta-analysis of DMD muscle tissue has high-
lighted hub genes involved in extracellular matrix re-
modeling, including COL6A3, COL1Al, COL3Al,
COL1A2, POSTN, TIMPI1, THBS2, and SPP1, which
are central to the protein interaction network associated
with the disease [16]. However, the interpretation of
Cardiac Troponin T (cTnT) levels in muscular dystro-
phy patients requires caution, as elevations can occur in
the absence of acute coronary events, potentially lead-
ing to misinterpretations of cardiac status in this popula-
tion [31].

In Facioscapulohumeral Dystrophy (FSHD), inflamma-
tory pathways are highlighted by elevated circulating
cytokines. Serum levels of IL-6 and TNF are signifi-
cantly higher in FSHD patients compared to healthy
controls. These cytokines are also produced at higher
levels by ex vivo stimulated NK cells and are present in
muscle specimens, with IL-6 levels showing a mild cor-
relation with disease duration, disease severity, and
muscle weakness [10].

For Oculopharyngeal Muscular Dystrophy (OPMD), a
plasma proteomic study identified a distinct signature
associated with disease severity. Proteins such as
ACTN2, MYOM2, CA3, APOBEC2, MYL3, and
PDLIM3 were markedly elevated (over 200%) in pa-
tients with limb weakness compared to those without
and healthy controls. These proteins demonstrated a
strong correlation with the degree of fatty replacement
in the soleus muscle, making them promising biomark-
ers for disease progression and prognosis [32].

In Dysferlinopathy, comprehensive proteomic profiling
of muscle tissue has linked the expression of specific
proteins to the extent of histopathological changes. Pro-
teins such as ANXAI1, ANXA2, ANXA4, ANXAS,
LMNA, and PYGM were identified, and their expres-
sion levels were validated to correlate with the dystro-
phic pathology observed in muscle biopsies, providing
new potential targets for therapeutic endeavors [33].

In summary, the landscape of protein biomarkers in
muscular dystrophy is expanding, encompassing mark-
ers of muscle damage, inflammation, extracellular ma-
trix remodeling, and specific pathological processes
across different dystrophies. These biomarkers hold
considerable promise for improving disease stratifica-
tion, monitoring progression, and evaluating the effica-
cy of emerging therapies.

microRNA biomarkers

microRNAs (miRNAs) have emerged as promising bio-
markers in muscular dystrophy due to their stability in
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biofluids, muscle-specific expression patterns, and roles
in regulating key pathological processes. Recent re-
search has focused on identifying both general markers
of muscle damage and disease-specific miRNA signa-
tures.

Muscle-enriched miRNAs, known as myomiRs, demon-
strate significant potential as general biomarkers for
muscle damage across various dystrophies. As exten-
sively reviewed in the context of Limb-Girdle Muscular
Dystrophy (LGMD), miRNAs such as miR-1, miR-
133a/b, and miR-206 are frequently dysregulated. Nota-
bly, circulating levels of miR-206 are significantly ele-
vated in LGMD patients compared to healthy subjects,
suggesting its potential as a general biomarker of mus-
cle damage across various muscular dystrophies. Re-
search also indicates the possibility of developing sub-
type-specific molecular signatures; for instance, specific
miRNA combinations might help discriminate between
different LGMD subtypes such as LGMDR1, LGMD-
R2, LGMDR3, and LGMDR4 [35]. However, the reli-
able quantification of these miRNAs depends on the use
of appropriate reference miRNAs for normalization. A
study in the DE50-MD canine model of DMD identified
miR-191, let-7b, miR-125a, and miR-15a as the most
stable reference miRNAs for normalizing expression
data across different ages and muscle types, outperform-
ing the commonly used U6 snRNA. When normalized
to this panel, dystrophic muscle showed lower expres-
sion of miR-1 and miR-133a, while the "fibromiR"
miR-214 was found to be 2- to 4-fold higher in dystro-
phic versus wild-type muscles [26].

Beyond general muscle markers, specific miRNA path-
ways are being unraveled in particular dystrophies. In
Myotonic Dystrophy Type 1 (DM1), a novel regulatory
axis involving a circular RNA and a miRNA has been
discovered. The circular RNA circARHGAP10 is signi-
ficantly increased in DM1 muscle biopsies, and its ex-
pression correlates positively with CTG repeat length
and inversely with muscle strength, indicating its poten-
tial as a biomarker. Mechanistic studies revealed that
circARHGAP10 binds to and sequesters miR-409-3p.
Both were found to be upregulated in DM1, and silenc-
ing of circ ARHGAPI10 led to a downregulation of miR-
409-3p. Importantly, the beneficial effects of circARH-
GAP10 silencing on reducing nuclear foci and rescuing
splicing defects were blocked by miR-409-3p overex-
pression, indicating that the pathogenic role of circAR-
HGAPI10 is mediated, at least in part, through its inter-
action with miR-409-3p. This positions the circARHG-
AP10/miR-409-3p axis as a promising biomarker and
therapeutic target for DM1 [27].

Overall, miRNA biomarkers offer a versatile toolset for
muscular dystrophy. They range from general indicators
of muscle pathology, such as miR-206, to intricate dis-
ease-specific regulatory networks, as seen in DM1 with
circARHGAP10 and miR-409-3p.

The ongoing refinement of normalization strategies and
the discovery of such specific pathways significantly
advance our potential for precise molecular diagnosis,
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disease monitoring, and the development of targeted
therapies.

Genetic & epigenetic modifiers

The landscape of biomarkers in muscular dystrophy has
expanded beyond traditional proteins to include genetic
and epigenetic modifiers, which provide profound in-
sights into disease mechanisms, enhance diagnostic pre-
cision, and open new avenues for therapeutic targeting.
These biomarkers often reflect the fundamental genetic
lesions or the consequent epigenetic dysregulation that
drives pathology.

In Facioscapulohumeral Dystrophy (FSHD), the quin-
tessential epigenetic biomarker is the hypomethylation
of the D474 macrosatellite repeat on chromosome 4q35.
This loss of repressive chromatin marks leads to the
aberrant expression of the DUX4 gene, which is toxic to
muscle cells. Analysis of DNA methylation at specific
regions within the locus (DUX4-PAS and DRI) has
been refined into a highly effective clinical diagnostic
tool. Importantly, interpreting the methylation profile
must consider the patient's 4q/10q haplotype back-
ground (e.g., 4qA/4qA vs. 4qA/4qB), as distinct meth-
ylation thresholds are required for accurate classifica-
tion in these different genetic contexts. This assay dem-
onstrates high sensitivity and specificity in identifying
patients with FSHD and can even detect hypomethylat-
ed profiles in asymptomatic individuals, suggesting its
potential utility in identifying preclinical cases, espe-
cially those with a positive family history [29].
Myotonic Dystrophy Type 1 (DM1), caused by a CTG
repeat expansion, exhibits a complex pathomechanism
involving RNA toxicity and splicing defects. Beyond
the primary genetic defect, downstream epigenetic play-
ers are emerging as biomarkers. The circular RNA
circARHGAP10 is significantly upregulated in DM
muscle tissue. Its expression level correlates positively
with the CTG repeat length and inversely with muscle
strength, positioning it as a promising biomarker for
disease severity. Furthermore, its function is mechanis-
tically linked to the sequestration of miR-409-3p, which
is also upregulated in DM1. This regulatory axis repre-
sents a novel layer of epigenetic regulation and a poten-
tial therapeutic target, as modulating this circuit can
ameliorate molecular defects in cellular models [27].
Another approach directly targets the core splicing pa-
thology. The functional depletion of Muscleblind-like
(MBNL) proteins is a key trigger of DM-associated al-
ternative splicing defects. A novel strategy using small
activating RNAs (saRNAs) targeted to the MBNLI pro-
moter can stimulate its transcription. This site-specific
augmentation of endogenous MBNL1 expression has
been shown to correct the alternative splicing of multi-
ple biomarker exons in DM1 cell models, offering a
new therapeutic strategy and a clear biomarker of target
engagement and efficacy [30].

In conclusion, genetic and epigenetic modifiers repre-
sent a powerful and sophisticated class of biomarkers in
muscular dystrophy. They range from direct measures
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Table 1. Molecular biomarkers for muscular dystrophies.

Molecular biomarker type Specific biomarker Associated Disease | Reference
Protein biomarker HMGBI1 DMD [6]
Protein biomarker CKM, PKM, FGG, LDHB, A2M DMD, BMD [7]
Protein biomarker IL-6, TNF FSHD [10]

A COL6A3, COL1A1, COL3A1, COL1A2, POSTN,
Protein biomarker TIMP1, THBS2, SPP1 DMD [16]
Protein biomarker Urinary titin BMD [23]
Protein biomarker Cardiac troponin T (¢TnT) MDs [31]
A LG ACTN2, MYOM2, CA3, APOBEC2, MYL3,
Protein biomarker PDLIM3 OPMD [32]
Protein biomarker ANXA1, ANXA2, ANXA4, ANXAS, LMNA, PYGM dysferlinopathy [33]
microRNA biomarker miR-214 DMD [26]
microRNA biomarker miR-1, miR-133a/b, miR-206 LGMD, DMD [26,35]
microRNA biomarker miR-409-3p DM1 [27]
Genetic & epigenetic modifier D474 methylation (DUX4-PAS, DR1) FSHD [9,29]
Genetic & epigenetic modifier circARHGAP10 DM1 [27]
Genetic & epigenetic modifier MBNLI1 splicing defects DM1 [30]
Table 2. Imaging biomarkers for muscular dystrophies.

Imaging biomarker type Specific biomarker Associated disease Reference
Ultrasound Attenuation imaging (RRFM method) DMD [5]
Ultrasound Diaphragm ultrasound (VVS, ECHO-MRR) FSHD [36]

Magnetic Resonance Oxygenation-sensitive MRI DMD [4]
Imaging (MRI) (OS-CMR)
Magnetic Resonance Quantitative MRI
Imaging (MRI) (fat fraction, water T2, water T1, pH) e PSS ol
Magnetic Resonance MRI fat fraction et
Imaging (MRI) (Gluteus Maximus) LG L LAY i
Table 3. Functional biomarkers for muscular dystrophies.
Functional biomarker type Specific Biomarker Associated Disease Reference
Video-based biomechanics Movement signatures (via OpenCap) FSHD, DM1 [17]
Ambulatory test 6-Minute Walk Test (6MWT) DMD (canine model) [37]
Muscle excitability Muscle Velocity Recovery Cycles (MVRC) FSHD [38]
Kinematic analysis Escape response kinematics DMD (zebrafish model) [39]

of primary epigenetic defects, such as D4Z4 hypometh-
ylation in FSHD, and to downstream RNA-based regu-
latory circuits and splicing-based outcomes in DMI.
These biomarkers are revolutionizing diagnostics by
providing a molecular level of precision, are essential

for defining preclinical disease states, and are increas-
ingly serving as direct measures of response in emerg-
ing therapeutic trials aimed at modulating gene expres-
sion and correcting epigenetic dysregulation.
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Imaging biomarkers

Imaging biomarkers have become indispensable tools in
the clinical management and therapeutic development
for muscular dystrophies, offering non-invasive, quanti-
tative, and sensitive measures of disease involvement
across muscle groups and organ systems. Recent ad-
vancements have refined these techniques to provide
highly specific pathophysiological insights.

Quantitative magnetic resonance imaging (qMRI) is
used to assess skeletal muscle pathology in Limb-Girdle
Muscular Dystrophy R9 (LGMD-RY). Baseline mea-
surements of muscle fat fraction (FF), water T2, and
water T1 are significantly elevated in patients compared
to healthy controls. Notably, baseline water T2 and
water T1 values show a strong positive correlation with
the increase in FF and functional decline over two
years, suggesting their potential for predicting disease
progression [11]. In pediatric Becker Muscular Dystro-
phy (BMD), where clinical heterogeneity poses a chal-
lenge, gMRI effectively detects early muscle involve-
ment. Among various parameters and muscle sites, the
fat fraction in the gluteus maximus demonstrates the
best diagnostic performance. It exhibits the strongest
negative correlation with the North Star Ambulatory
Assessment (NSAA) score and emerges as an indepen-
dent risk factor for predicting functional decline, estab-
lishing it as a preferred biomarker for this population
[12].

Ultrasound technologies have also evolved, providing
dynamic and accessible biomarkers. For Duchenne
Muscular Dystrophy (DMD), quantitative ultrasound
has been extended beyond envelope statistics to attenua-
tion imaging. The development of the robust reference
frequency method (RRFM) significantly reduces mea-
surement bias. When applied to the gastrocnemius mus-
cle, RRFM-based attenuation imaging demonstrates an
outstanding ability to discriminate between early and
late ambulatory stages in DMD patients, outperforming
other quantitative ultrasound (QUS) envelope statistics
and offering a sensitive tool for monitoring functional
deterioration [5]. In Facioscapulohumeral Dystrophy
(FSHD), diaphragmatic assessment is crucial, yet facial
weakness can compromise standard pulmonary function
tests. Diaphragm ultrasound offers a solution, with pa-
rameters such as diaphragm excursion velocity (VVS)
and maximal relaxation rate (ECHO-MRR) of the right
hemidiaphragm showing significant differences be-
tween FSHD patients with and without a restrictive ven-
tilatory defect. These parameters are independently as-
sociated with disease severity, including early lower ex-
tremity involvement and higher clinical severity scores,
positioning them as informative biomarkers for respira-
tory involvement and overall disease burden [36].
Beyond skeletal muscle, cardiac-specific imaging bio-
markers are gaining prominence in dystrophies with
cardiac involvement. In DMD-associated cardiomyopa-
thy, oxygenation-sensitive cardiac magnetic resonance
(OS-CMR) reveals the presence of myocardial hypoxia,
a previously understudied aspect. Myocardial oxygena-
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tion signal intensity is significantly decreased in DMD
patients compared to controls, and this reduction is
more pronounced in segments with late gadolinium en-
hancement (LGE), indicating fibrosis. The inferolateral
wall oxygenation was identified as an independent pre-
dictor of LGE presence, suggesting that myocardial
hypoxia evaluated by OS-CMR is an early event in
DMD cardiomyopathy and a potential biomarker for as-
sessing myocardial damage prior to overt fibrosis [4].

In summary, the field of imaging biomarkers is rapidly
advancing toward more precise, pathophysiologically
informed, and multi-systemic assessments. From qMRI
and ultrasound of skeletal and respiratory muscles to
specialized cardiac MR techniques, these modalities
provide an objective, quantitative, and comprehensive
picture of disease burden and progression. Their in-
tegration into clinical practice and trials is essential for
improving patient monitoring and robustly evaluating
the efficacy of emerging therapies.

Functional biomarkers

Functional biomarkers play a critical role in assessing
disease progression, monitoring therapeutic efficacy,
and capturing real-world motor impairments in mus-
cular dystrophies. These biomarkers encompass a range
of performance-based tests and advanced analytical
methods that provide objective, quantifiable measures
of physical function, often complementing molecular
and imaging approaches. Recent advances have focused
on refining traditional ambulatory tests and introducing
innovative technologies to enhance sensitivity and dis-
ease specificity.

Ambulatory tests, such as the 6-minute walk test (6M-
WT), remain a cornerstone for evaluating functional ca-
pacity in both clinical and pre-clinical settings. In the
DE50-MD canine model of Duchenne muscular dystro-
phy (DMD), the 6MWT effectively discriminates be-
tween dystrophic and wild-type dogs from as early as 3
to 18 months of age, with no significant difference ob-
served between repeated tests conducted 48 hours apart.
This test's reliability and its ability to reflect disease se-
verity without altering stable blood-borne biomarkers
like CCL2, MYOM3, and MSTN make it a robust func-
tional outcome measure for interventional studies [37].
Beyond traditional timed function tests, video-based
biomechanical analysis has emerged as a powerful tool
for capturing disease-specific movement signatures with
high precision. Using open-source platforms like Open-
Cap, researchers can quantify 3D movement kinematics
from smartphone videos in a median time of just 16
minutes per participant. This approach not only repro-
duces standard timed function tests (e.g., 10-meter
walk, timed up-and-go) with high correlation (r > 0.98)
but also identifies subtle, disease-specific patterns in
conditions such as facioscapulohumeral dystrophy
(FSHD) and myotonic dystrophy type 1 (DM1). For ex-
ample, video-derived features outperform timed tests in
classifying disease status and reveal kinematic differ-
ences in gait that are not evident through conventional



measures, offering a more sensitive and comprehensive
assessment of motor function [17].

Muscle excitability parameters, assessed through mus-
cle velocity recovery cycles (MVRC), provide insights
into sarcolemmal dysfunction in disorders like FSHD.
Recordings from the tibialis anterior and trapezius mus-
cles in FSHD patients show significantly reduced early
and late supernormality compared to healthy controls,
indicating resting membrane potential depolarization.
Although correlations with clinical severity scores are
moderate, these electrophysiological measures serve as
early biomarkers of membrane instability, potentially
preceding overt structural changes [38].

In animal models, functional biomarkers are being re-
fined to improve translational relevance. For instance,
in a zebrafish model of DMD, escape response kinemat-
ics analyzed via high-speed videography and deep
learning-based motion capture identify precise biomark-
ers of the dystrophic phenotype. Parameters such as
overall escape distance, peak speed, and tail kinematics
(e.g., angular velocity) differentiate mutant from wild-
type larvae with large effect sizes. These kinematic
measures act as non-lethal proxies for skeletal muscle
dysfunction and reveal mechanistic insights into mobili-
ty deficits, such as impaired temporal aspects of tail
movements, which correlate with in vitro contractility
assessments [39].

To summarize, functional biomarkers are evolving from
simple timed tests to sophisticated, multi-dimensional
assessments that capture the complexity of neuromus-
cular diseases. The integration of ambulatory measures,
biomechanical analyses, electrophysiological tech-
niques, and model system evaluations provides a holis-
tic view of functional decline and therapeutic response.
These advancements not only enhance clinical trial de-
sign but also pave the way for personalized manage-
ment strategies in muscular dystrophy.

Emerging biomarkers

The field of muscular dystrophy biomarker research is
rapidly expanding beyond traditional blood and imaging
markers to include novel, highly sensitive molecular
and cellular indicators. These emerging biomarkers, of-
ten derived from cutting-edge technological platforms,
offer unprecedented insights into disease-specific patho-
physiological processes and hold significant promise for
non-invasive monitoring and therapeutic development.
One of the most promising frontiers is the analysis of
extracellular vesicles (EVs)-membrane-bound particles
secreted by cells. EVs are commonly categorized into
exosomes, microvesicles, and apoptotic bodies accord-
ing to their size, biogenesis, and function. By transport-
ing cargoes such as lipids, proteins, and RNAs-particu-
larly microRNAs-EVs facilitate intercellular communi-
cation and are thought to contribute to key pathological
processes in Duchenne muscular dystrophy (DMD), in-
cluding muscle degeneration, fibrosis, inflammation,
and cardiomyopathy. Given their functional roles, EVs
are increasingly regarded not only as potential biomark-

L. Hou

ers for disease monitoring, but also as promising vehi-
cles for novel therapies [22].

The role of EVs extends beyond diagnostics into the
realm of intercellular communication and pathophysiol-
ogy. A comprehensive review highlights that exosomes,
a subtype of EVs, mediate crucial crosstalk between the
cardiovascular and musculoskeletal systems. These ves-
icles contain bioactive substances, including micro-
RNAs, long non-coding RNAs, lipids, and proteins. Un-
der pathological conditions such as muscular dystrophy,
the cargo of muscle-derived exosomes is altered, poten-
tially contributing to secondary complications like
cardiomyopathy. For instance, skeletal muscle-derived
exosomes may protect cardiomyocytes through the de-
livery of functional molecules, but in states of severe
wasting, they might also transmit pro-apoptotic signals
that exacerbate cardiac dysfunction. This intricate bidi-
rectional communication establishes exosomes and their
specific cargo not only as biomarkers reflecting sys-
temic disease activity but also as novel therapeutic tar-
gets and even as engineered drug delivery vehicles to
mitigate multi-organ pathology in muscular dystrophies
[28].

Overall, emerging biomarkers like EVs and exosomes
represent a paradigm shift in muscular dystrophy re-
search. These advancements highlight the movement to-
ward highly personalized, mechanism-based biomarkers
that could transform patient management in the future.

DISCUSSION

In this study, we reveal significant advancements in bio-
marker research for muscular dystrophies (MDs) while
concurrently highlighting critical challenges and future
directions. The field has evolved considerably beyond
single-molecule biomarkers, embracing multi-paramet-
ric and multi-modal approaches that provide a more ho-
listic view of disease pathology and progression. Re-
search has demonstrated the value of integrating diverse
biomarker classes for comprehensive disease monitor-
ing. Multi-omics approaches have identified numerous
protein [7,16,33] and miRNA [26,27,35] biomarkers
that reflect various aspects of MD pathophysiology. Ad-
vanced imaging techniques, including quantitative MRI
[11,12] and ultrasound methodologies [5,36], have pro-
vided non-invasive tools for quantifying muscle pathol-
ogy and respiratory function. Additionally, epigenetic
markers, particularly D4Z4 methylation in facioscapulo-
humeral dystrophy (FSHD) [29], have emerged as valu-
able diagnostic tools. Novel biomarker sources such as
extracellular vesicles [22,28] and innovative functional
assessments using video-based biomechanics [17] offer
promising avenues for sensitive disease monitoring.

Despite these advancements, several significant chal-
lenges remain. Standardization across studies and cen-
ters is lacking, with methodological variations contri-
buting to inconsistent findings [9]. Patient heterogeneity
within and between MD subtypes presents obstacles for
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biomarker validation and application [7]. Many promis-
ing biomarkers require validation in larger, multi-center
cohorts to establish their clinical utility. The complexity
of MD pathologies necessitates combinatorial biomark-
er approaches rather than reliance on single markers.
Furthermore, the translation of biomarkers from discov-
ery to clinical application faces numerous technical and
regulatory hurdles.

Based on the current state of research, several key direc-
tions emerge as priorities for future exploration. First,
multi-omics integration-combining genomic, proteomic,
metabolomic, and transcriptomic data-will provide
deeper insights into disease mechanisms and facilitate
the identification of robust biomarker panels [15,16].
Second, artificial intelligence and machine learning
technologies should be leveraged to analyze complex
biomarker data, identify patterns, and develop predic-
tive models for disease progression and treatment re-
sponse [17]. Additionally, establishing large, diverse
patient registries and standardizing biomarker measure-
ment protocols across centers are essential for advanc-
ing the field [9]. A focus on preclinical and early dis-
ease detection is also crucial, with an emphasis on bio-
markers that enable early diagnosis and intervention,
particularly in presymptomatic stages.

In conclusion, while significant progress has been made
in MD biomarker research, the translation of these ad-
vances into clinical practice requires addressing current
limitations through collaborative, multidisciplinary ef-
forts. The continued development and validation of ro-
bust biomarkers will be essential for advancing person-
alized medicine approaches and improving outcomes
for individuals with muscular dystrophies.
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