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Abstract

Background: Pediatric-onset neuromuscular diseases (NMDs) represent a clinically and genetically
heterogeneous group of rare disorders, often posing significant diagnostic challenges due to
overlapping phenotypes. Next-generation sequencing (NGS), particularly whole-exome sequencing
(WES), has transformed the diagnostic landscape; however, its clinical utility varies across
phenotypic subgroups. Methods: We conducted a combined retrospective-prospective cohort study
including 100 pediatric patients with suspected neuromuscular disorders evaluated at a tertiary
referral center between 2015 and 2025. Patients were stratified into seven clinically defined diagnostic
categories prior to genetic testing. NGS-based diagnostics (primarily WES) were performed following
initial clinical and targeted evaluations. Diagnostic yield and predictors of a positive genetic result
were analyzed using univariate and multivariable statistical approaches. Results: A molecular
diagnosis was established in 71% of patients, including 64% with pathogenic/likely pathogenic
variants and 7% with clinically consistent variants of uncertain significance. Diagnostic yield varied
significantly across disease categories (p < 0.001), reaching near-complete rates in well-defined
phenotypes such as congenital myasthenic syndromes, neuropathies, and metabolic myopathies,
while markedly lower yield was observed in unclassified cases (38.2%). Multivariable logistic
regression identified disease group as the only independent predictor of diagnostic success (B =
-0.436, p = 0.001). Frequently implicated genes included DMD, RYR1, and LAMA?2, reflecting a
predominance of structural and excitation—contraction coupling defects. Conclusions: NGS
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demonstrates high diagnostic utility in pediatric neuromuscular disorders, particularly when applied
in a phenotype-driven framework. Diagnostic performance is strongly influenced by the degree of
clinical definition prior to testing, highlighting the continued importance of expert phenotyping in
the genomic era.

Keywords: neuromuscular disorders; next-generation sequencing (NGS); diagnostic yield

1. Introduction

Pediatric-onset neuromuscular diseases (NMDs) comprise a heterogeneous group of rare and
frequently progressive disorders that affect peripheral nervous system, neuromuscular junction,
and/or skeletal muscle (1). The core phenotypic features include hypotonia, muscle weakness,
delayed motor milestones, joint contractures, alongside diverse systemic manifestations.

Most NMDs are classified as rare diseases (1). Recent epidemiological studies from Europe
suggest an overall joint prevalence of pediatric NMDs ranging between 37 and 41 per 100,000 children
(2,3). Other population-based studies have reported a broader range, from 21.4 to 63.1 per 100,000,
reflecting differences in study populations, methodologies, and diagnostic inclusion criteria (2,3).
Given their phenotypic complexity and substantial clinical overlap among distinct entities,
establishing an accurate diagnosis remains a considerable challenge in pediatric neurology.

Conventional diagnostic modalities, including electromyoneurography, biochemical assays,
imaging studies, and muscle biopsy, remain essential in clinical practice but are often insufficient to
precisely define the underlying etiology (1,4). The advent of molecular genetic testing, particularly
next-generation sequencing (NGS), has substantially enhanced the diagnostic capabilities for
elucidating the etiology of neuromuscular disorders (5). Various sequencing strategies, such as
targeted gene panels, whole-exome sequencing (WES), and whole-genome sequencing (WGS),
enabled simultaneous analysis of numerous genes associated with both known and potentially novel
forms of NMD (4-6).

The establishment of a molecular diagnosis provides multiple clinical and scientific benefits: it
enables definitive diagnostic confirmation, guides patient management, informs prognostication and
genetic counseling, and increasingly facilitates the implementation of targeted and personalized
therapeutic approaches (1, 4-6). Furthermore, early and accurate diagnosis may alleviate psychosocial
stress for affected families and prevent unnecessary diagnostic or therapeutic interventions (7).

We aimed to objectivize our experience that advances in genetic technologies, particularly NGS,
have substantially improved diagnostic resolution in patients with suspected neuromuscular
disorders who remained undiagnosed after initial clinical and targeted diagnostic evaluation.

2. Materials and Methods

2.1. Patients

Our investigation was a combined retrospective-prospective cohort study of patients who
underwent NGS based diagnostics due to suspicion of paediatric-onset neuromuscular disorders
(NMDs) (age < 18 years). These paediatric patients were referred for evaluation to the Mother and
Child Health Care Institute of Serbia “Dr Vukan Cupi¢” over a ten-year period, from 2015 to 2025.

Importantly, to align with standard diagnostic algorithms, we applied specific inclusion criteria
for patients presenting with clinical phenotypes strongly suggestive of Duchenne/Becker muscular
dystrophy (DMD/BMD) or spinal muscular atrophy (SMA). Such patients were included in the study
exclusively if prior first-tier targeted genetic testing — more specifically, screening for copy number
variations (deletions and duplications) in the DMD gene and the typical homozygous deletion of
exon 7 in the SMNI1 gene, yielded negative results. Furthermore, patients diagnosed with congenital
and childhood-onset forms of myotonic dystrophy were entirely excluded from the study cohort.
These specific exclusions were applied because standard short-read NGS methodologies have well-
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documented limitations in reliably detecting large copy number variations (e.g., in DMD and SMN1)
and nucleotide repeat expansions (characteristic of myotonic dystrophy), for which targeted
molecular assays remain the gold standard.

Initial clinical suspicion of an underlying neuromuscular disorder was primarily driven by
hypotonia accompanied by focal or generalized muscle weakness, alongside distinct physical
findings (e.g., myopathic face, calf pseudohypertrophy) and biochemical markers such as elevated
serum creatine-kinase. Based on these dominant clinical phenotypes prior to genetic testing, the
cohort was stratified into seven specific diagnostic categories: (1) congenital myopathies (CM) and
congenital muscular dystrophies (CMD); (2) limb-girdle muscular dystrophies (LGMD); (3)
Duchenne/Becker muscular dystrophies exclusively with point mutations in the DMD gene; (4)
congenital myasthenic syndromes (CMS); (5) neuropathies and lower motor neuron lesions
(excluding spinal muscular atrophy with homozygous deletion of exon 7 in the SMN1 gene); (6)
metabolic myopathies; and (7) unclassified neuromuscular diseases (UND).

Demonstrating the highest degree of clinical heterogeneity, the UND group consisted of children
whose clinical presentation did not suggest a distinct neuromuscular disorder. In addition to muscle
weakness, these patients often exhibited dysmorphism and/or multi-organ involvement. This group
also included patients with rhabdomyolysis of unknown etiology or isolated, asymptomatic
hyperCKemia.

Data were collected from patients” medical histories and during outpatient examinations. The
following data were collected: patient age, sex, age at onset of the first symptoms, age at genetic
diagnosis, signs and symptoms of the disease, comorbidities, family history, and available findings
of key diagnostic procedures performed (electroneuromyography, muscle biopsy, cardiological
findings, genetic tests, and metabolic analyses). Phenotypic characteristics of the disease were
classified according to the Human Phenotype Ontology (HPO) nomenclature (8).

2.2. Ethics Statement

The study was approved by the Institutional Ethics Committee of the Mother and Child Health
Care Institute of Serbia (protocol code 8/112, approval date: 25 September 2025). The research was
conducted in accordance with the principles of the Declaration of Helsinki. Informed consent for
genetic testing and diagnostic procedures was obtained from parents and legal guardians. All genetic
and diagnostic procedures were performed as part of routine clinical practice and not specifically for
this study.

2.3. Exome Sequencing, Data Analysis and Interpretation

Whole exome sequencing was applied as NGS diagnostic modality in vast majority of patients
in our cohort (84%). Genomic DNA was isolated from whole blood samples of the patients and
relevant family members, using QIAamp DNA-Blood-Mini-Kit (QIAGEN, Germany) and
subsequently analysed by Next-Generation Sequencing (NGS) using Clinical Exome Sequencing
(CES) or Whole Exome Sequencing (WES). CES was performed using I[llumina DNA Prep with
Enrichment protocol with TruSight One Gene Panel comprised of 4813 known disease-associated
genes (Illumina, San Diego, CA, USA), while WES was performed using DNA Prep with Exome 2.5
Enrichment protocol (Illumina, San Diego, CA, USA). Sequencing (with 150-bp paired-end runs) was
performed on Illumina NextSeq 2000 System (Illumina, San Diego, CA, USA), with alignment and
analysis performed against the GRCh38/hg38 reference genome assembly. Variants passing quality
call (QC) filters (quality score > Q20, read depth > 20, percentage of variant frequency for the minor
allele >20%) and with minor allele frequencies <1% in The Genome Aggregation Database (gnomAD)
were further analysed. Systematic interpretation of variants was performed using VarSome Clinical
(Saphetor, Lausanne, Switzerland) and the ClinVar database (9, 10). All variants detected were
classified using American College of Medical Genetics and Genomics (ACMG) guidelines (11,12).
Mendeliome-based NGS analysis was performed in 11%, while a targeted neuromuscular gene panel

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.2143.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 March 2026 d0i:10.20944/preprints202603.2143.v1

4 of 10

was applied in 5% of patients. Subsequent parental segregation analysis was done in case of
detected causative or potentially causative variant.

3. Results

3.1. Demographic and Clinical Characteristics

The final cohort included 100 individuals, predominantly male (71%). Diagnosis most
commonly occurred between 1-3 years (21%) and 6.1-11 years (20%) of age. Disease onset was
predominantly early, with 27% of patients presenting at birth and a further 24% within the first year
of life (Table 1).

Table 1. Age of onset.

Age of onset %
At birth 27.0
<12 months 24.0
12-36 months 13.0
3-6 years 10.0
6-12 years 15.0
12-18 years 9.0

The cohort of 100 patients was distributed among the seven pre-defined diagnostic categories
(Table 2).

Table 2. Distribution of patients by suspected clinical diagnostic category prior to genetic testing.

Diagnostic Category Percentage (%)

Unclassified neuromuscular

34.0
diseases
Duchenne/Becker muscular 19.0
dystrophies .
Limb-girdle muscular
17.0
dystrophies
Neuropathies and lower
10.0
motor neuron lesions
Congenital myopathies and 8.0
dystrophies '
Metabolic myopathies 8.0
Congenital myasthenic 40
syndromes '
Total
100.0

The largest proportion of the cohort consisted of patients with unclassified neuromuscular
diseases (UND; n = 34, 34%). Among the specific suspected diagnoses, Duchenne/Becker muscular

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.2143.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 March 2026 d0i:10.20944/preprints202603.2143.v1

5 of 10

dystrophies (DMD/BMD) were the most frequent (n = 19, 19%), while the smallest diagnostic group
consisted of children with congenital myasthenic syndromes (CMS; n =4, 4%).

The majority of patients had no comorbidities (70%), while a relatively small proportions
presented with associated cardiovascular (6%), endocrine (5%), respiratory (3%), nephrological (3%),
and other neurological conditions (6%).

Electrophysiological =~ studies ~ were  heterogeneous and  incomplete. = Namely,
electroneuromyography (EMNG) data were missing in nearly half of the cohort (48%). Among
patients with available results, 23% showed myopathic changes, 17% normal findings, and 12%
neuropathic features. Muscle biopsy was rarely performed (12% of patients). Centronuclear
myopathy was the most frequent histological pattern (3%), followed by inflammatory myopathy (2),
and myopathy with tubular aggregates (2).

Family history was negative in majority of cases, although a minority reported affected first- and
second-degree relatives with similar clinical presentation (14%).

3.2. Diagnostic Utility of Exome Sequencing

Genomic testing achieved a high diagnostic yield, providing a molecular diagnosis in 71% of the
cohort. Pathogenic or likely pathogenic (P/LP) variants explaining the clinical phenotype were
identified in 64% of patients, while an additional 7% harboured variants of uncertain significance
(VUS) that were considered clinically consistent with the suspected neuromuscular disorder. Most of
the variants identified were rare or absent in population databases such as gnomAD, with allele
frequencies consistently below 0.01, qualifying them as putative disease-causing variants. List of all
36 genes harbouring causative variants associated with the observed phenotypes in the study cohort,
are presented in Table 3.

Table 3. Frequency distribution of genes with identified mutations in pediatric patients with suspected

neuromuscular disorders using NGS methods.

Gene Frequency (n)
DMD 17
RYR1 6
LAMA?2 5
TTN, PMP22 3
GAA, MYH2. CHRNE, 2

ORAIl, MT-ATP6, IGHMBP?2

DOK7, POMT1, POMT2B, 1
IFT140, CAPN3, RPGRIP1,

RAB2B, MECP2, PLP1,
PURA, COL1A2, COL6A1,
CACNAIA, HINT1, AP4E1,

SGCG, CHAT, SCN4A,
ALDH5A1, TARS2, TYMP,

PLA2G6, LMINA, ERF,

NDRG1

In terms of molecular pathways, dystrophinopathies (DMD, BMD) and laminin a2 deficiency
(LAMA2) were primarily driven by complete or partial loss of protein expression, leading to
structural instability of the muscle fiber. Variants in RYR1 were mostly missense substitutions
clustered within functional domains of the ryanodine receptor, consistent with disrupted calcium
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handling and excitation—contraction coupling. TTN variants were distributed across multiple exons,
underscoring the well-established titin-related mechanisms of sarcomere instability. Taken together,
the  variant  distribution reflects a  mixture of loss-of-function  mechanisms
(frameshift/nonsense/splice) and functional disruption through missense variants in genes critical for
sarcolemmal integrity, sarcomere assembly, and neuromuscular junction transmission. Importantly,
the mjority of variants were ultra-rare, population-level controls provided no evidence of benign
polymorphism, and segregation data further supported pathogenicity in familial cases.

3.3. Analytical Statistics

The proportion of genetically confirmed cases differed significantly among the seven
neuromuscular disease categories (Pearson x2=28.74, p <0.001). Given that 50% of cells had expected
counts below 5, Fisher’s exact test was also examined and confirmed the association (p = 0.001).

In contrast, sex, age of onset, presence of comorbidities, and family history showed no
statistically significant relationships to the yield of NGS based diagnostics.

A multivariable logistic regression model was constructed to evaluate predictors of a positive
genetic diagnosis. The overall model was statistically significant (x?> = 22.787, df = 5, p < 0.001),
explaining a moderate proportion of variance (Nagelkerke R? = 0.291). Among the tested variables,
disease group was identified as the only independent predictor of genetic diagnosis (B =-0.436, p =
0.001), confirming its strong influence on diagnostic yield. Other variables, including sex (p = 0.502),
age of onset (p = 0.485), family history (p = 0.500), and presence of comorbidities (p = 0.089), were not
statistically significant predictors. Diagnostic yield across disease categories is illustrated in Figure 1.

1004 4 (18719
(718) 82.4% 5
S and {14/17) 75.0% (8/10)
-
K
> 60 A
L
@ 38.2%
9 (13/34)
5 40
=
20 -
0 .
O O O ) N\ \C O
\l\\()“ \,(,\’\ O\QV‘\ ) o . 6\\)‘\ \.3‘00\‘\6—‘ N
c N a\"o‘\ e W
«\\)" (oQa \;09
o W’ «

Neuromuscular Disease Category

Figure 1. Diagnostic yield of next-generation sequencing across neuromuscular disease categories.
Abbreviations: CM—congenital myopathies; CMD —congenital muscular dystrophies; LGMD —limb-girdle
muscular dystrophies; DMD—Duchenne muscular dystrophy; BMD —Becker muscular dystrophy; CMS—

congenital myasthenic syndromes; LMN —lower motor neuron; UND —unclassified neuromuscular disorders..

3. Discussion

In our cohort, exome sequencing (ES) methodologies demonstrated a substantial diagnostic yied
in pediatric patients with NMD, providing overall diagnostic rate of 71%. Stratified analysis across
diagnostic categories revealed the highest yield in well-defined clinical entities, including congenital
myopathies/muscular dystrophies, limb-girdle muscular dystrophies, and congenital myasthenic
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syndromes. Conversely, the lowest proportion of genetically confirmed cases was observed among
patients with unclassified suspected NMDs. These findings suggest a high level of accuracy in the
initial clinical stratification performed by our specialized neuropediatric team, based on detailed
phenotypic assessment and first-line diagnostic investigations.

During the past decade, limited access to muscle biopsy histopathological analysis represented
a practical constraint, contributing to the relatively small number of biopsies performed. Moreover,
in pediatric clinical practice, there is a deliberate effort to minimize invasive and potentially painful
diagnostic procedures. Consequently, when clinically justified, our diagnostic pathway prioritized
comprehensive genetic testing over muscle biopsy, reflecting a contemporary shift toward a
genomics-first approach in the evaluation of suspected NMD.

Multiple relevant studies have reported variable diagnostic yields of NGS based diagnostic
approaches in the evaluation of NMD, ranging from 19% to 73% (4,13,14). Tsang et al. reported an
overall WES diagnostic yield of 26% in their entire cohort, which varied according to diagnostic
subgroup and was comparable to the yield obtained using targeted gene panels (24%). Specifically,
the diagnostic rate was 17% among patients with hereditary congenital myopathy and 45% among
those within the hereditary muscular dystrophy subgroup (13). In a heterogeneous cohort of 106
pediatric patients reported by Herman et al., the diagnostic yield of clinical ES was 47% (15). Fattahi
et al. documented a consanguinity rate of 52% among the parents of the 45 patients with NMD
included in their cohort, of whom 37 had pediatric-onset disease (16). In this subgroup of pediatric-
onset NMD, exome sequencing achieved a diagnostic yield of 73% (16). Interestingly, in the study by
Lee et al., whole-genome sequencing demonstrated a diagnostic yield of 43% in pediatric patients
with different neurological disorders, increasing to 62.5% among those with neuromuscular diseases
(17). The Slovenian authors, Bozovi¢ et al. reported a notably high diagnostic yield of 64% following
WES analysis in a cohort of 22 pediatric patients evaluated for various muscular disorders (18),
including DMD, CM, LGMD, and unspecified myopathy. In their cohort, a pathogenic variant was
identified in 35% of patients with unclassified myopathy (UM), which is comparable to the detection
rate of P/LP variants in our cohort of unclassified NMD patients (31%). Conversely, lower
diagnostic yields have been reported in cohorts from higher-resource settings, where WES is often
applied as a second-tier diagnostic tool. Malfatti et al. observed a reduced yield in the French cohort
of NMD patients (13.79%), likely reflecting prior extensive diagnostic evaluation before WES testing
(19). Futhermore, panel-based whole exome sequencing demonstrated a 19% diagnostic yield in a
large multicentric heterogeneous cohort of neuromuscular disorders, with many presenting non-
specifically (14).

Nearly all disease groups in our study demonstrated high diagnostic yield, while group of UND
had a markedly lower yield (Figure 1), suggesting greater genetic heterogeneity or lower detectability
within that subgroup. Our findings suggest that NGS performance is not uniform across
neuromuscular phenotypes. This reflects differences in underlying genetic architecture, phenotypic
heterogeneity, or current limitations of testing strategies for mnonspecific neuromuscular
presentations. In a study of targeted gene panel usefulness in 75 adolescents and adults with
asymptomatic or minimally symptomatic hyperCKaemia, conclusive genetic diagnosis was achieved
in 24% of cases (20). This relatively modest diagnostic yield supports the notion that clinically
nonspecific neuromuscular presentations, such as isolated hyperCKaemia, are associated with a
lower likelihood of achieving a definitive molecular diagnosis. In our cohort, the majority of patients
within the unclassified neuromuscular disease (UND) group presented with hyperCKaemia, which
likely explains the similarly reduced diagnostic yield observed in this subgroup.

Our findings align well with those of Chen et al, who reported a relatively high WES diagnostic
yield (63.4%) in neuromuscular disorders when sequencing was employed as a second-tier test after
initial diagnostic workup (21). Notably, their cohort consisted predominantly of adult-onset patients,
suggesting that the observed high yield was not population-specific but rather reflects the impact of
appropriate clinical preselection.
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High diagnostic yield was also reported in paediatric neuromuscular disorders within a
consanguineous population, a setting typically associated with increased detection rates due to
recessive inheritance (22). Diagnostic approach in aforementioned study was based on next-
generation sequencing following detailed phenotypic evaluation, therefore resembling our own.
Despite differences in population structure and geographic origin, the similarly high yield observed
in both studies underscores the role of phenotype-driven selection of patients in optimizing genetic
testing. Overall, the diagnostic yield appears to decline in cohorts characterized by greater clinical
heterogeneity and extensive prior genetic work-up. On the other hand, diagnostic performance of
WES seems strongly influenced by prior phenotypic characterization and patient selection (21).

In our study, WES enabled the identification of diverse and unexpected genetic aetiologies in
patients with suspected NMDs, including extremely rare PURA syndrome and even copy number
variants (later confirmed by molecular karyotyping) confirming a case of Prader-Willi syndrome.
These findings highlight the broad phenotypic spectrum that may mimic primary myopathies and
underscore the value of comprehensive genomic analysis in differentiating primary myopathies from
syndromic or acquired conditions. In several cases in our cohort, histopathological or
electrophysiological findings initially suggested a primary myopathic process, emphasizing the
importance of molecular confirmation. Our findings, therefore, underscore the critical role of
detailed phenotypic classification in neuromuscular genetics. When patients could be assigned to
established disease categories, genetic testing demonstrated near-complete diagnostic yield.

The diagnostic yield of neuromuscular genetic testing continues to improve with the integration
of multi-omics approaches. Namely, Marchant et al showed that combining exome sequencing with
genome and RNA analyses nearly doubled the diagnostic rate (from 34% to 62%) in unsolved cases
(23). In a large whole genome sequencing study of rare genetic disorders in 1,452 Korean families,
neuromuscular disorders had the highest diagnostic yield among all disease categories (62.4%) (24).
This finding confirms that neuromuscular phenotypes are particularly amenable to genetic diagnosis,
especially when comprehensive genomic approaches are applied. We can assume that future
diagnostic workflows for NMDs will increasingly rely on layered genomic and functional analyses,
particularly for patients with nonspecific or unresolved phenotypes.

Several limitations should be acknowledged of our study, including the single-center design and
incomplete availability of electrophysiological and histopathological data in a subset of patients.

The strengths of our study include a relatively large patient cohort and the presentation of a
decade-long experience of a specialized center for the evaluation and treatment of neuromuscular
disorders. This is the first study assessing the contribution of WES in pediatric patients with NMD in
Serbia.

4. Conclusions

Our findings support the implementation of an early, phenotype-driven, genomics-first
approach in the diagnostic evaluation of pediatric neuromuscular disorders. Exome sequencing
substantially improves diagnostic accuracy and efficiency, reduces the need for invasive procedures,
facilitates timely treatment initiation in certain cases, and enables appropriate genetic counseling.
Paradoxically, our findings suggest that the success of advanced genomic technologies does not
diminish the role of clinical expertise, but rather depends on it—precision in diagnosis begins not
with sequencing, but with the clinician’s ability to recognize the phenotype. Patients with less specific
neuromuscular presentations continue to represent a major diagnostic challenge, despite the
availability of advanced NGS technologies.
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