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Abstract

Background Identifying the genetic basis of hypotonia and muscle weakness is critical for patient management

and family counseling. However, diagnosis is often hindered by diverse genomic alterations, including repeat expan-
sions, structural variants (SVs), and methylation defects. Standard-of-care testing, largely based on short-read sequenc-
ing, is limited in its ability to detect this heterogeneous variation landscape, leaving many patients undiagnosed

or requiring lengthy sequential testing. Long-read sequencing represents a promising solution. However, its applica-
tion as a first-tier diagnostic assay for hypotonia remains unexplored.

Methods We retrospectively analyzed 227 patients with hypotonia to assess diagnostic yield, time-to-diagnosis,

and costs associated with standard-of-care testing. A long-read whole-genome sequencing (LR-WGS) workflow

with targeted analysis of hypotonia-associated genes was developed to detect and prioritize pathogenic SNVs, SVs,
and CNVs, repeat expansions, and methylation changes at key disease loci. The workflow was validated in a reference-
positive cohort with known diagnoses (n=15) and applied to an unsolved cohort (n=14). Variant interpretation fol-
lowed ACMG guidelines and was confirmed with orthogonal methods.

Results Standard-of-care testing achieved a diagnostic yield of 42% with an average time-to-diagnosis of 68.7 days;
however, 30% of diagnosed patients experienced significant delays (average 169 days) due to sequential testing.
The LR-WGS based approach identified all known pathogenic variants in the positive cohort, including SMNT dele-
tions, methylation defects at 15g11.2/Prader-Willi locus, FMRT repeat expansions, and sequence and copy-number
variants in > 100 genes underlying myopathies and muscular dystrophies. The targeted long-read pipeline reduced
prioritized variant calls by 97.9-99.9% and, in the unsolved cohort, yielded one definitive diagnosis (de novo COL6A3
deletion) and one possible diagnosis (@aberrant methylation and copy number at POMK), for an additional 14% yield.
Among patients diagnosed after sequential testing (n=29), LR-WGS is expected to reduce time-to-diagnosis by ~85%
and decrease cumulative diagnostic delays, with projected healthcare cost savings of $396,000-439,000. Across

the entire 227 patient cohort, LR-WGS is anticipated to reduce testing costs by 6.5%, yielding an average savings

of $105 per patient.
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Conclusions LR-WGS enables comprehensive discovery of genomic and epigenomic variants in hypotonia and mus-
cle weakness, improving diagnostic yield, shortening diagnostic timelines, and reducing costs compared with current

standard-of-care testing.

Keywords Hypotonia, Muscular weakness, Neuromuscular disorders, WG-LRS, SVs, CNVs, Small SNVs, STR expansion

disorders, DNA methylation profiling

Background

Hypotonia, characterized by a reduction in muscle tone,
can result in a loss of postural control due to decreased
resistance to passive movement in the axial muscles,
including those of the neck, back, trunk, as well as in the
arms and legs [1, 2]. While hypotonia is not a specific
diagnosis on its own, it is recognized as a key symptom
in a wide range of heterogeneous rare genetic disorders,
including various neuromuscular and neurodevelopmen-
tal conditions.

Clinically, hypotonia is classified into two primary
types based on the neuroanatomic localization of the
underlying defects: central hypotonia and peripheral
hypotonia [2]. The former results from neurological
dysfunction within the central nervous system (CNS)
and is a prominent early, non-specific symptom in vari-
ous neurodevelopmental disorders [1]. Conditions such
as Prader-Willi and Angelman Syndromes (PWS/AS),
which arise from imprinting defects in key genes located
within an imprinted cluster on chromosome 15, as well
as Fragile X Syndrome (FXS), caused by the abnormal
expansion of the CGG trinucleotide repeat sequence in
the 5’-untranslated region (5'UTR) of the FMRI gene,
exemplify the diverse range of disorders associated with
central hypotonia [1, 3, 4]. Conversely, peripheral hypo-
tonia arises from lesions affecting the peripheral motor
unit, which includes defects in the lower motor neu-
rons (anterior horn cells of the spinal cord), peripheral
nerves, neuromuscular junctions, and the skeletal mus-
cles themselves [5]. Consequently, peripheral hypotonia
is often considered the primary manifestation of many
neuromuscular disorders, including spinal muscular
atrophy (SMA), congenital myasthenic syndromes, con-
genital myopathies (CMs), myotonic dystrophy (DM),
and various forms of muscular dystrophy (MD), such
as Duchenne muscular dystrophy (DMD) [6, 7]. Each
of these disorders has a distinct genetic etiology, which
may involve structural variants (SVs), repeat expansions,
single-nucleotide variants (SNVs), and small insertions
or deletions (Indels), with over a hundred genes and loci
implicated in the pathogenesis of numerous neuromus-
cular disorders [8—10].

The heterogeneous genetic and epigenetic etiology of
hypotonia-associated diseases, along with factors such as
age of onset and neuroanatomic localization, contribute

to a broad spectrum of phenotypes or clinical manifesta-
tions [11]. This complexity makes identifying the actual
cause of hypotonia and/or muscle weakness quite chal-
lenging and significantly complicating the diagnostic
journey and diminishing the likelihood of getting an
accurate and early diagnosis and prognosis.

While whole-exome sequencing (WES) and short-read
whole-genome sequencing (SR-WGS) have significantly
advanced the diagnosis of rare genetic diseases, these
approaches still encounter notable challenges in cap-
turing critical genetic aberrations such as complex SVs,
repeat expansions, and epigenetic modifications, which
are critical diagnostic determinants for different types of
hypotonia-associated diseases [12]. Consequently, cur-
rent diagnostic workflows often involve sequential testing
paradigms, which include methylation-specific multiplex
ligation-dependent probe amplification (MS-MLPA) and
chromosomal microarray analysis (CMA) for imprinting
disorders [3], as well as disease-specific targeted assays
such as droplet digital PCR (ddPCR) for SMA, triplet
repeat-primed PCR (TP-PCR) for DM, and methylation-
specific triplet-repeat PCR (TR-PCR) for FXS [13-16].

Third generation long-read sequencing (LRS) technolo-
gies offer a potential solution. By generating reads span-
ning from 1 kb to over 2 Mb, LRS enables the accurate
detection of complex SVs and repeat expansions while
simultaneously profiling CpG methylation status within
a single assay [17, 18]. However, the clinical utility and
cost-effectiveness of a first-tier LRS approach remain
unproven, particularly in a pediatric cohort with hypo-
tonia and muscle weakness, where these variants are a
common cause of disease.

To address this gap, we established a unified, com-
prehensive diagnostic approach for patients exhibiting
unexplained hypotonia or muscular weakness using LRS
technology. We first characterize the current standard-
of-care diagnostic approach and its associated limitations
in a cohort of hypotonic patients. We then develop and
optimize a long-read whole-genome sequencing (LR-
WGS) protocol, paired with a comprehensive bioinfor-
matics analysis pipeline targeting hypotonia-related loci,
to simultaneously detect genomic variants and epigenetic
alterations as a single-step diagnostic tool using DNA
samples from patients representing 6 different hypoto-
nia-associated diseases. Finally, we assess the clinical
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utility and potential testing and healthcare cost savings of
our approach by sequencing undiagnosed patients mani-
festing unexplained hypotonia.

Methods

Study cohort

The retrospective cohort analysis consisted of 227
patients presenting with hypotonia and/or muscle weak-
ness as their primary clinical symptom, along with vari-
ous additional clinical manifestations. These patients
were admitted to Al Jalila Children’s Specialty Hospital
(AJCH), Dubai, UAE. This analysis aimed to character-
ize diagnostic yield and time-to-diagnosis, detailing the
complex, time-consuming sequential tests which patients
experience during their diagnostic journey. A total of 15
patients with a confirmed diagnosis of FXS (n=4), MD
(n=2), PWS/AS (n=2), SMA (n=4), or DMD (n=3)
were selected as the positive reference group for the opti-
mization and validation of the LR-WGS with targeted (in
silico) analysis. The clinical utility of this approach was
evaluated in 14 patients with unexplained hypotonia and
negative WES results (Fig. 1). All patients or their guard-
ians consented to clinical genetic testing. This study was
reviewed and approved by the Dubai Scientific Research
Ethics Committee, Dubai Health Authority (approvals
no. DSREC-SR-05/2024_03 and DSREC-08/2024_09).

DNA isolation

Genomic DNA (gDNA) from patient whole blood sam-
ples was extracted using the Qiagen DSP DNA kit and
the QIAsymphony automated nucleic acid extraction
system (Qiagen, Germany). DNA quality and purity were
assessed using a NanoDrop One Microvolume UV-Vis
Spectrophotometer and Invitrogen Qubit dsDNA broad-
range quantification assay kit (Thermo Fisher Scientific,
USA).

Clinical genomic workup

Clinical genomic testing was performed in the 227 ret-
rospective patients and 15 positive reference group as
previously described [19]. Clinical WES was performed
using the Agilent Clinical Research Exome (CREv2)
capture probes and the SureSelect®” for library prepa-
ration (Agilent, USA), followed by (2% 150 bp) sequenc-
ing to an average depth of 100Xxon the NovaSeq6000
system (Illumina, USA). A custom bioinformatics pipe-
line was used for variant calling, annotation, filtration,
and classification following the ACMG guidelines [20].
Chromosomal microarray was performed using the
Affymetrix CytoScanHD system and the Chromosome
Analysis Suite (ChAS) (Thermo Fisher Scientific, USA).
Targeted genetic testing included droplet digital PCR
for SMNI and SMN2 copy number analysis (Bio-Rad,
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USA), triplet repeat (CGG) expansion analysis in the
promoter region of the FMRI gene using the FragileX
AmplideX® PCR kit (Asuragen, USA), and capillary
electrophoresis (Thermo Fisher Scientific, USA), and
methylation-specific multiplex ligation-dependent probe
amplification (MS-MLPA) for PWS/AS (MRC-Holland,
The Netherlands).

Library construction and long-read sequencing (LRS)
Sequencing libraries were constructed from 1.5 to 2 ug
of high-molecular-weight genomic DNA, which was
sheared to a target size of 8—12 kbp. Libraries were pre-
pared using the Oxford Nanopore Ligation Sequencing
Kit V14 (SQK-LSK114) for human samples, following
the manufacturer’s protocol, including DNA repair, end-
prep, and adapter ligation steps. Each library was
sequenced on a PromethION R10.4.1 flow cell using a
PromethION 48 instrument, targeting~ 30X genome-
wide coverage. Sequencing runs were conducted over
72 h, with a flow cell wash and library reload performed
at the 24-h mark. Basecalling was performed in real-time
using MinKNOW software (v24.06.14). Comprehensive
technical details, including centrifugation parameters
and catalog numbers, are provided in the Additional
file 1.

Basecalling and primary long-read data analysis

Basecalling and simultaneous 5mC/5hmC detection were
performed using Guppy (v.6.1.5). Low-quality reads (Q
score<9) were filtered to ensure call accuracy. All pass-
ing FASTQ files were aligned to the human reference
genome (GRCh38) using minimap2 (v.2.28). The primary
analysis was carried out using an Epi2Me workflow wf-
human-variation (v.2.6.0) [21]. Small variants, including
single-nucleotide variants (SN'Vs) and indels, were called
using clair3 (v.1.0.4). Structural variants (SVs) were iden-
tified using Sniffles (v.2_2.0.7) [22] and CuteSV (v.2.1.1)
[23]. Short tandem repeats (STRs) were genotyped using
Straglr (v.1.4.5). Copy number variants (CNVs) were
called with QDNASeq (v.1.34.0), and methylation was
called using modkit. Additional details are provided in
the Additional file 1.

Filtering and prioritization of structural and copy number
variants (SVs and CNVs)

A stepwise filtering approach was applied to down-
stream analysis to identify putative pathogenic SVs and
CNVs in our cohort. Initially, the analysis commenced
with the identification of high-quality variants that met
defined quality-control parameters (see Additional file 1
for details). SVs and CNVs that passed these thresholds
were annotated using RefSeq gene annotations from
the GRCh38.p14 reference (GCF_000001405.40), which
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includes exon and intron information for protein-coding
genes. To facilitate variant interpretation and prioritiza-
tion, gene-specific inheritance data were incorporated
from the Human Gene Mutation Database (HGMD),
Online Mendelian Inheritance in Man (OMIM) [24], and
the Gene Curation Coalition (GeneCC) [25].

We then focused on genes with known associations to
hypotonia-related disorders, using a curated list of 165
genes (Additional file 1). This list comprised 122 genes
routinely analyzed in the clinical diagnostics workflow
at Al Jalila Children’s Hospital and 43 additional genes
sourced from the published literature on muscular dys-
trophies [26]. Within these genes, the analysis prioritized
exonic variants due to their greater potential to disrupt
protein structure or function and thus confer pathogenic-
ity. Subsequently, we filtered variants based on zygosity
to match the known inheritance pattern of each gene,
excluding, for instance, heterozygous variants in autoso-
mal recessive genes unless a second pathogenic allele was
detected.

All candidate SVs and CNVs were visually validated
using the Integrated Genomics Viewer (IGV). The final
interpretation of candidate variants considered their pro-
tein effects, disease mechanisms, inheritance modes, and
supporting evidence from established variant databases,
including ClinVar [27], ClinGen [28], OMIM [24], and
HGMD.

Small nucleotide variants (SNVs and indels)

To identify pathogenic SNVs and indels, variant analysis
was limited to a curated panel of genes associated with
hypotonia, restricted to coding regions and canonical
splice sites, and annotated for functional consequences.
All candidate variants were functionally annotated using
the RefSeq database to classify their molecular conse-
quence (e.g., nonsense, frameshift, missense, or splicing
variants). Variants were then prioritized based on zygo-
sity and mode of inheritance consistent with the impli-
cated gene, using information from the HGMD, OMIM,
and GeneCC. Finally, variants classified as pathogenic or
likely pathogenic were retained for phenotype—genotype
correlation analysis (Additional file 1).

Short tandem repeat (STR) expansions

To identify pathogenic STR expansions in coding or non-
coding regions, we focused on pathogenic STR loci asso-
ciated with hypotonia and/or muscle weakness, such as
FXS, myotonic dystrophy 1 (DM1), and myotonic dys-
trophy 2 (DM2). STRs were classified as “Normal’;, “Full-
Mutation” which represents the pathogenic expansion,
or “Pre-mutation,” which contains repeat counts rang-
ing between the upper limit of the normal range and the
lower limit of the pathogenic range. To ensure analytical
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reliability, we restricted our interpretation to high-confi-
dence STR calls by selecting alleles that are supported by
at least 30% of the sequencing reads. This threshold was
applied to minimize false positives and ensure accurate
repeat sizing.

Methylation analysis

To investigate DNA methylation patterns associated with
hypotonia and/or muscular weakness, we focused on
specific genomic regions implicated in known imprint-
ing and methylation-sensitive disorders. These included
loci associated with PWS/AS at 15q11.2, specifically the
CpG77 region (chr15:24,954,888-24,955,907) [29]. We
also examined methylation signatures relevant to SMA,
targeting the SMNI (chr5:70,944,127-70953338) and
SMN?2 (chr5:70,074,524-70077354) regions, as recently
described by Sinha et al. [30] [30]. For FXS, methyla-
tion levels were assessed at the FMRI promoter region
(chrX:147,911,892-147,912,180), providing an epigenetic
biomarker for FXS diagnosis [31]. Only methylation calls
supported by a minimum of five reads and a quality score
exceeding 98 were retained for downstream analysis to
ensure high-confidence results.

Orthogonal validation

The heterozygous COL6A3 deletion was confirmed
experimentally using PCR with primers designed to tar-
get the genomic regions upstream and downstream of
the deletion (COL6A3-del-Fwd: 5'-AAGCCAGGAAAC
CCTCACAA-3"; COL6A3-del-Rev: 5'-TTAAAGGTC
ACCTGCTGC-3"). PCR was performed using genomic
DNA from the proband, both parents, and an unaffected
patient (control). Reactions were analyzed by gel electro-
phoresis and visualized (Additional file 1).

Test cost analysis and economic utility

The cost of the current standard-of-care testing, which
includes both multi-test and single-test diagnostic path-
ways, for our cohort (n=227) was compared to that of
a single-tier LR-WGS-based approach with targeted (in
silico) analysis. Institutional costs for each test were as fol-
lows: CMA: $1014; Single WES: $1972; Trio WES: $3199;
Targeted NGS panel: $1299; DMD: $849; Fragile X TR-
PCR: $199; SMA copy number analysis: $583; and PWS/
AS methylation and deletion and duplication analysis:
$800. These costs include laboratory markup, computa-
tional analysis, clinical interpretation and reporting, and
institutional overhead. Costs were initially obtained in local
currency and converted to U.S. dollars (USD) using the
average 2025 exchange rate. Costs were assigned to each
patient according to the tests they received and summed
across all patients to obtain the total standard-of-care
cost. Cost data were analyzed using descriptive statistics,
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including mean, range, and total costs per patient and per
diagnostic strategy.

For the LR-WGS based pathway, a fixed cost of $1500
per patient was calculated, including marked-up sequenc-
ing reagents and consumables ($800), technician hands-on
labor ($100), targeted bioinformatics analysis and clinical
reporting ($400), and institutional overhead ($200). It is
important to note that, although LRS involves WGS, anal-
ysis is only targeted to hypotonia loci (similar to targeted
NGS panels), thus significantly reducing analysis and
reporting time, which generally incur high costs for com-
prehensive genome-wide analysis (e.g, CMA and WES)
where bioinformatics analysis and clinical interpreta-
tion contribute meaningfully to the observed cost differ-
ence. Two test cost comparisons were performed: (i) the
observed cost of the multi-test approach for patients diag-
nosed through multiple assays versus the projected cost
if the LR-WGS based approach had been implemented
as the first-tier test, and (ii) the total cost of standard-of-
care testing for the entire cohort versus the projected total
cost if the LR-WGS based approach had been applied to all
patients.

To estimate the economic utility of the anticipated short-
ened time-to-diagnosis by LR-WGS, the cost of delayed
diagnosis was first estimated using published data for eight
rare diseases reported by the EveryLife Foundation for Rare
Diseases [32] [32], including adrenoleukodystrophy (ALD),
infantile-onset and late-onset Pompe disease, Severe Com-
bined Immunodeficiency (SCID), FXS, DMD, Wilson
Disease, generalized Myasthenia Gravis female (gMG-F),
and generalized Myasthenia Gravis male (gMG-M). Using
these data, the average annual cost per disease was calcu-
lated. This was subsequently used to estimate the average
delayed diagnostic cost per year across the eight diseases,
which was then applied to the 29 patients in our study
who eventually received a diagnosis under the multi-test
approach to estimate the cost of delayed diagnosis due to
the standard-of-care sequential testing.

Results

The diagnostic journey of patients with hypotonia and/

or muscle weakness

Of the 227 patients, 120 (53%) were females, and the
majority (220/227 or 97%) were pediatric patients, with a
median age at first clinical presentation of 1 year (range:
newborn to 48 years). Clinical evaluations revealed that
approximately 67% of patients (n=152) were suspected
to have peripheral hypotonia, while 16.3% (n=37) were
suspected to have central hypotonia. The remaining cases
were classified as having mixed features or non-specific/
generalized hypotonia, accounting for 3.5% (n=8) and
13.2% (n=30), respectively (Fig. 2a, Additional file 2:
Table S1-S2). This classification shows considerable
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clinical variability among patients exhibiting a wide range
of neurological and neuromuscular manifestations asso-
ciated with hypotonia, reflecting the complexity of this
phenotype.

Genetic testing in this cohort yielded a molecular diag-
nosis in 95 patients (42% overall diagnostic yield), while
more than half of the patients (n=132 [58%)]) remained
without a definitive diagnosis (Fig. 2b, Additional file 2:
Table S1-S2). In-depth analysis revealed marked het-
erogeneity in diagnostic pathways among these patients,
reflecting notable variability in the types and numbers
of genetic tests administered to each patient (Fig. 2c,
Additional file 2: Table S1-S3). Genetic testing modali-
ties used in this cohort included CMA, WES, NGS gene
panels (for myopathies or MDs), and targeted testing for
SMA (by ddPCR), fragile X (TR-PCR), and methylation
analysis (MS-MLPA) for PWS/AS (Fig. 2¢).

The diagnostic yield varied among patients who
received single versus multiple tests (Fig. 2b). Among
patients who received single tests (n=166), 66 (39.8%)
had a definitive diagnosis, accounting for 29.1% of total
diagnostic outcomes. Of the single tests, targeted SMA
testing was the most frequently utilized (n=102), achiev-
ing a diagnostic yield of 44% (45/102) in this group, fol-
lowed by other tests, such as WES (5/21; 24% yield),
multi-gene panels (12/20; 60% yield), CMA (3/19; 16%
yield), and MLPA (1/4; 25%) (Fig. 2c, Additional file 2:
Table S3).

Of all patients in this cohort, 61 underwent multiple
sequential investigations that reached up to four differ-
ent tests. The multi-test approach achieved 29 diagnoses
(47.5%) and contributed ~12.8% of the total diagnostic
yield (Fig. 2b, Additional file 2: Table S3). Interestingly, 19
unique test combinations were documented in this sub-
set. The most frequently employed combination of tests,
CMA and WES (n=14), alongside SMA and targeted
gene panel combinations (n=13), showed varied diag-
nostic yields (Fig. 2c).

LR-WGS for comprehensive genomic and epigenomic
profiling of hypotonia patients

Utilizing LR-WGS, we developed a diagnostic
approach for simultaneous examination of a broad
spectrum of genomic variants and epigenetic altera-
tions, including SVs, CNVs, STRs, SNVs, Indels, and
DNA methylation changes within hypotonia-associ-
ated genes. The validation of this approach was con-
ducted on a positive reference group consisting of patient
samples (N=15) with previously confirmed genetic
diagnoses linked to hypotonia. These diagnoses were
established through traditional methods, including
MLPA, PCR, methylation analysis, CMA, WES, and tar-
geted NGS panels (Fig. 3a, Additional file 2: Table S4).
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Sample

Diagnosis

Genetic Mechanism

FFX-01

Fragile X Syndrome

Full mutation (>200 repeats)

FFX-02

Fragile X Syndrome

Full mutation (>200 repeats)

PFX-01

Fragile X Syndrome carrier

Premutation (96,30)

PFX-02

Fragile X Syndrome carrier

Premutation (98,30)

DMD-01

Duchenne Muscular Dystrophy

Deletion in exon 8 and 9 (DMD gene)

DMD-02

Duchenne Muscular Dystrophy

Deletion in exon 44 (DMD gene)

DMD-03

Duchenne Muscular Dystrophy

Deletion in exon51-55 (DMD gene)

DM-01

Muscular Dystrophy

One heterozygous pathogenic variant (Gn656*) in DMD
two heterozygous VUSs in CLCNT and MYH2

DM-02

Muscular Dystrophy

Homozygous pathogenic variant (Leu307fs) in SGCA

PWS-01

Prader Willi Syndrome

Deletion in PWS imprinting center region (ICR) and

ion in the parental

AS-01

Angelman Syndrome

159 LOH and UPD

SMA-01

Spinal Muscle Atrophy

deletion of exon7 in SMN1 gene

SMA-02

Spinal Muscle Atrophy

deletion of exon? in SMN1 gene

SMA-Carrier-01

Spinal Muscle Atrophy carrier

deletion of exon7 in SMN1 gene

SMA-Carrier-02

Spinal Muscle Atrophy carrier

Heterozygous deletion of exon7 in SMN1 gene

Page 8 of 16
Clinical Test
Performed 12
The CGG triplet PCR
The CGG triplet PCR 60
The CGG triplet PCR o
The CGG triplet PCR
©
WES D40 Z
[ S
MLPA “>) —
3 6 2
MLPA 153 g
Targeted NGS panel
20
Targeted NGS panel 3
MS-MLPA I
MS-MLPA o o
Digital Droplet PCR o
Digital Droplet PCR NENB . aE.=xbi3333RRERB2ag2IR
- S - o -5 2 9
Digital Droplet PCR 2889399599753 cc2geeeepeeeeeeee
EErr99922202288i 77777777777 777
Digital Droplet PCR ““&‘LggEEEE<%3<<‘E’EE’EEEEEEEEEEEE
SSEEEETEEEETESEREER
w o
1 ]

R p——

Fig. 3 Characterization of the positive cohort and nanopore sequencing quality. a Table summarizing the clinical diagnoses of individual samples
in the positive cohort, along with the clinical assays used to confirm each diagnosis. b Quality metrics from Nanopore WGS, with N50 read length
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The LR-WGS protocol applied to this cohort generated
approximately 73 Gb to 142 Gb of data per sample with
high-quality reads, featuring a median N50 read length
of approximately 10.81 kb (range: 9.74 kb to 12.46 kb),
and resulting in a median genome-wide coverage of
around 34.9 X (range: 21.50xto 73.33 %) (Fig. 3b, Addi-
tional file 2: Table S4). This level of coverage was required
to enable effective variant calling across various regions
using a bioinformatics workflow with in-depth analysis of
both genetic and epigenetic alterations.

An optimized stepwise filtering pipeline was developed
to prioritize clinically relevant SVs and CNVs associated
with a curated list of hypotonia-related genes (Additional
file 2: Table S5), while adhering to established quality
metrics (Fig. 1 and “ Methods”). This approach facilitated
the selection of high-confidence exonic variants and
resulted in a significant reduction of identified raw vari-
ants by 97.9% for CNVs and 99.9% for SVs, yielding an
average of 1 to 6 high-confidence SVs/CNVs per sample
(Fig. 4a, Additional file 2: Table S6). Among this collec-
tion of confidently identified SVs and CNVs, all known
pathogenic multi-exon deletions in the DMD gene, previ-
ously identified in DMD patients, were retained. Moreo-
ver, we detected a heterozygous deletion within the PWS
imprinting control region (ICR) in a positive sample
diagnosed with PWS (PWS-01) through CNV analysis
(Fig. 4b). On the other hand, DNA methylation pattern
analysis of the 15q11.2—q13 PWS/AS imprinted locus
revealed the expected aberrant hypermethylation pat-
terns in the same patient, which aligned with the molecu-
lar diagnosis results obtained from MS-MLPA (Fig. 4c).
Furthermore, methylation profiling of this region in
the patient diagnosed with AS (AS-01) revealed copy

number-neutral hypomethylation, consistent with the
absence of the maternal allele (Fig. 4c) due to paternal
uniparental disomy (pUPD) or an imprinting defect.

The DNA methylation analysis in this assay included
an investigation of the SMA-specific methylation tag at
the SMIN1/SMN?2 locus, as recently characterized by our
group [30]. This analysis aligns with the expected meth-
ylation profile across the cohort (Fig. 4d). In patients with
SMA, we observed a complete loss of methylation down-
stream of exon 6, consistent with a homozygous deletion
of exon 7 in the SMNI gene. In SMA carriers with one
functional SMN1 copy, partial methylation was detected,
with approximately 50-70% of bases methylated. In con-
trast, all unaffected individuals exhibited complete meth-
ylation (100%) at this locus, confirming their unaffected
status.

We subsequently assessed the capability of our pipeline
to detect known pathogenic repeat expansions. We geno-
typed STRs from the LR-WGS data across a variety of
clinically significant STR-associated genes. This approach
facilitated a thorough evaluation of 33 disease-associated
loci, including the primary targets relevant to this study:
FMRI (associated with Fragile X syndrome), DMPK, and
CNBP (linked to myotonic dystrophy types 1 and 2). The
expanded alleles were accurately categorized into full
mutation and premutation ranges based on the estimated
repeat counts.

The pathogenic CGG trinucleotide expansions located
in the 5" UTR of FMRI were identified in two clini-
cally diagnosed Fragile X patients (FFX-01 and FFX-
02), while premutation alleles were detected in two
carriers (PFX-01 and PFX-02) within the positive refer-
ence group (Fig. 4e). Normal allele ranges in FMRI and
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STR-associated loci were also accurately identified, pro-
viding comprehensive repeat profiling. LR-WGS also
detected the methylation status at the FMRI promoter
region (Fig. 4f), revealing hypermethylation in patients
with a full CGG expansion (FFX-01 and FFX-02). This
finding is consistent with the expected epigenetic silenc-
ing of the gene and the presence of severe clinical pheno-
types. Conversely, carriers of premutation alleles (PFX-01
and PFX-02) exhibited partially methylated profiles, indi-
cating a lack of transcriptional silencing (Fig. 4f). As

anticipated, male controls displayed a fully unmethylated
FMRI1 promoter profile, while female controls showed
both methylated and unmethylated reads at the FMRI
promoter region (Fig. 4f), which aligns with the dynamics
of X-chromosome inactivation. Additionally, among all
unaffected individuals in the reference cohort, the meth-
ylation profiles remained within normal ranges.

A stepwise filtering process focusing on stringent qual-
ity control metrics and selection of annotated exonic and
intronic SN'Vs/indels with significant predicted functional
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impact within genes associated with hypotonia (Fig. 1 and
“ Methods”) successfully identified previously reported
heterozygous and homozygous SNVs/indels in the DMD,
CLCNI1, MYH2, and SGCA genes in patients MD-01 and
MD-02 (Fig. 3a). The concordance of SNV and indel calls
generated by LRD was assessed by comparing all these
calls, regardless of pathogenicity, with SRS within hypo-
tonia-associated genes across eight samples that had pre-
viously undergone WES. Prior to quality control filtering,
an average concordance rate of approximately 90% was
observed across the eight samples (Additional file 3: Fig.
S1, Additional file 2: Table S6). Following the application
of stringent quality control filters, the concordance rate
between the two technologies was, on average, 95% while
the proportion of discrepant calls decreased to an average
of 2% (Additional file 3: Fig. S1).

Clinical utility of the LR-WGS based approach

in Undiagnosed Patients

Diagnostic increment

To evaluate the diagnostic potential of the LR-WGS
based approach, we applied this comprehensive method
to a cohort of 14 patients who had previously undergone
standard-of-care WES but had not achieved a definitive
molecular diagnosis. LR-WGS protocol applied to this
cohort generated approximately 75 Gb to 113 Gb of data
per sample, with a median N50 read length of 12.02 kb
(range: 8.57-13.17 kb) and an average coverage depth of
31X (range: 23.49 X to 35.36 ), demonstrating sufficient
sequencing quality across all samples (Fig. 3b). Filtering
high-confidence SVs and CNVs yielded a total of approxi-
mately 29 high-confidence SVs and 42 CNVs across all
samples and reduced the number of raw variant calls by
99.9% for SVs and 98.9% for CNVs, respectively (Addi-
tional file 2: Table S6).

Among the final prioritized and filtered struc-
tural variants, a heterozygous 325 bp deletion in the
COL6A3 gene (GRCh38: g.237359304_237359629del;
NM_004369.4(COL6A3):¢c.6283-241_6310-54del;P.?) was
identified in a previously undiagnosed patient, HPT-05
(Fig. 5a). This deletion is expected to result in an in-frame
deletion of exon 18, encoding 9 amino acids within the
triple-helical (TH) domain of the a3(VI) collagen chain.
The TH domain is a critical structural component of col-
lagen VI, characterized by a repeating Gly-X-Y amino
acid motif that is essential for the assembly of a1(VI),
a2(VI), and a3(VI) chains into monomers and subse-
quently collagen VI tetramers prior to secretion into
the extracellular matrix. Disruption of this domain is
expected to allow the mutated chain to be integrated into
the collagen VI tetramer, thereby exerting a dominant-
negative effect on the collagen VI microfibril assembly
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and function [33]. COL6A3 is associated with the auto-
somal dominant form of VI collagenopathy, including
Bethlem Myopathy (BM, MIM# 158,810), which mani-
fests as hypotonia, muscle weakness, and muscle atrophy,
symptoms consistent with our patient’s clinical presen-
tation [34, 35]. Based on this finding, we manually ana-
lyzed the clinical WES data, which revealed a breakpoint
and a reduction in coverage over exon 18 in the patient
but not in either parent (Fig. 5b), confirming the de novo
status of this deletion, a finding which was further vali-
dated by PCR and gel electrophoresis (Fig. 5¢, Additional
file 2: Table S7, Additional file 4). According to the Clin-
Var database, splicing variants that cause skipping of
COL6A3 exon 18 have been reported in patients with
dominantly inherited disease, likely as a result of disrup-
tion of the triple-helical domain of collagen VI [33, 36,
37]. Taken together, the de novo deletion of exon 18 was
classified as pathogenic and considered the cause of dis-
ease in patient HPT-05.

In patient HPT-12, a heterozygous duplication span-
ning approximately 835 kb (chr8:43,080,001-43,915,001;
GRCh38) was identified. The patient is an 8-month-old
male who presented with severe hypotonia and general-
ized muscle weakness with no family history. This dupli-
cation encompasses the entire POMK gene (Fig. 5d—e).
The POMK gene is associated with limb-girdle muscu-
lar dystrophy-dystroglycanopathy and Walker—Warburg
syndrome, both of which are inherited in an autosomal
recessive manner. Accordingly, the clinical significance
of this duplication alone remains uncertain. However,
methylation analysis of the POMK gene revealed an aber-
rant methylation signature at the promoter region, dis-
tinct from that observed in the remaining cohort (n=13)
(Fig. 5e—f). Promoter hypermethylation is typically asso-
ciated with transcriptional silencing. Nevertheless, more
information is needed to determine the contribution of
this genomic and epigenomic variation at the POMK
locus in this patient. No other clinically relevant SN'Vs,
SVs, CNVs, repeat expansions, or aberrant methylation
patterns (Additional file 3: Fig. S2) were uncovered in
other undiagnosed patients.

Shortened time-to-diagnosis

The diagnostic burden experienced by patient HPT-05,
presented in infancy with a clinical picture of hypoto-
nia, generalized muscle weakness, and severe proxi-
mal and distal muscle wasting, was considerable. The
patient experienced a prolonged diagnostic journey
involving two tests, WES and SMA copy number analy-
sis, which ultimately ended without a defined diagnosis
at the age of 3 years. However, upon undergoing LR-
WGS, a precise diagnosis of COL6A3-related muscle
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disease was achieved within an estimated time of a few
weeks.

The analysis of the diagnostic durations across the
entire retrospective hypotonia cohort (n=227, Fig. 6a)
demonstrated a marked difference depending on the
diagnostic strategy used: patients who received a diag-
nosis from the initial test (n=66 or 70% of all diagnoses)
had an average diagnostic duration of 24.8 days (range:
1 day to 3.42 months; note that this time increases signifi-
cantly if we exclude SMA PCR testing which is relatively

quick), whereas those who underwent a sequential test-
ing approach (n=29 or 30% of all diagnoses) had an
average diagnostic time of 168.8 days (range: 14 days
to 49.7 months), representing a statistically significant
(p<0.001, Mann—Whitney U test) delay in diagnosis
(Fig. 6a, Additional file 2: Table S1). This indicates that
the diagnostic approach has a substantial impact on time-
to-diagnosis, with delays that may be avoidable through
the use of a unified, comprehensive, LR-WGS based diag-
nostic workflow, which we estimate, based on the average
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turnaround time for a single test approach in our cohort,
to be approximately 25 days, i.e., 85% reduction in time-
to-diagnosis for patients who received multiple sequen-
tial testing. It is important to note that only 61 of the 161
patients with negative results after the first test (38%)
underwent additional testing, implying that LR-WGS
would have also benefited the remaining 100 patients
(44% of the entire cohort) who could not undergo further
testing for varied reasons.

Test cost and economic utility

The economic evaluation of the comprehensive LR-
WGS-based diagnostic workflow demonstrated sub-
stantial advantages over the conventional multi-testing
approach (Fig. 6b). Among patients who underwent
multi-testing (n=61), testing costs exhibited consider-
able variability (range: $1213-$5596), with a mean cost

of $3263 per patient and a total of $199,000. Based on
the observed diagnostic yield of this pathway (47.5%),
the corresponding cost-per-diagnosis was $6,864 (total
cost divided by 29 diagnosed patients). In contrast, at a
cost of $1500 per patient (Methods), the LR-WGS-based
approach would lead to an average savings of $1763 per
patient, corresponding to a 54% reduction in testing
expenses in this group. The cost-per-diagnosis ($3155)
would also be significantly lower, though it remains likely
an overestimate, as it does not account for the potentially
higher diagnostic yield associated with LRS.

When applied to the entire study cohort (N=227),
where total genomic diagnostics cost was $364,336
(Methods), the LR-WGS based workflow was projected
to reduce overall diagnostic costs by 6.5% ($23,836),
yielding total savings of $105 per patient (Fig. 6¢, Addi-
tional file 2: Table S8). Moreover, given the diagnostic
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yield in the entire cohort (42%), the corresponding cost-
per-diagnosis was $3835, while the cost-per-diagnosis
for the LRS would be $3584. It is important to note that
these direct cost comparisons do not take into consid-
eration the (1) LRS enhanced diagnostic yield, which
will further reduce the cost-per-diagnosis as well as the
healthcare costs due to prolonged diagnostic odysseys
(below), and [2] the reduced costs associated with oper-
ating a consolidated laboratory workflow using a single
LRS platform compared to standard-of-care multi-test
and multi-technology platforms requiring significantly
higher capital investment, multiple quality management
programs and a diverse pool of trained personnel.

In addition to test cost savings, we assessed the eco-
nomic burden of prolonged diagnostic odysseys, which
can be reduced by applying first-tier LRS diagnostic test-
ing. For the 29 patients who underwent multi-testing,
the total cumulative diagnostic duration was 13.4 years.
Assuming a turnaround time of 25 to 42 days for LRS
testing, consistent with that of standard targeted clinical
panels, the total cumulative avoidable diagnostic delay
in the multi-testing group would range from 10.37 to
11.50 years. Using the reported average annual health-
care cost of $38,223.49 attributable to diagnostic delays
in individuals with rare diseases [32] (Methods), we esti-
mate that the LR-WGS based approach may result in a
reduction in economic burden of $396,208 to $439,527
due to avoidable diagnostic delays in those 29 patients.

Discussion

Here, we show that utilizing LR-WGS with targeted (in
silico) analysis enables timely and comprehensive discov-
ery of genomic and epigenomic variants in hypotonia and
muscle weakness, improving diagnostic yield, shortening
diagnostic timelines, and reducing costs compared with
current standard-of-care testing.

LR-WGS demonstrated high sensitivity in detect-
ing all previously known pathogenic variants, includ-
ing SNVs, indels, CNVs, SVs, repeat expansions, and
aberrant methylation profiles, while filtering out benign
variants and artifacts, thereby alleviating the diagnostic
burden and prioritizing clinically relevant variants asso-
ciated with hypotonia. A significant advancement in this
diagnostic approach is the simultaneous detection of
genetic and epigenetic alterations, which adds substantial
prognostic value and enables phenotype prediction and
recurrence risk assessment in many cases. For example,
not only can LR-WGS confirm a diagnosis in patients
with Fragile X syndrome through the identification of
fully expanded repeats in the promoter region of FMRI,
but it can also determine the methylation status in this
region, which is a critical factor to correlate with pheno-
type severity in patients with the disease [38]. Similarly,
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in addition to confirming a diagnosis of PWS/AS through
the detection of abnormal methylation at 15q11.2, LR-
WGS can pinpoint the exact cause of the disease and
distinguish between a 15q11.2-q13 deletion, imprinting
defect, and uniparental disomies (UPD), which have dif-
ferent implications for recurrence risk assessments and
genetic counseling [39]. Such variation has generally been
inaccessible to SRS and is typically detectable through
specific targeted assays, which often lead to sequential
testing approaches limited to a subset of patients and can
be both costly and time-consuming.

The application of this approach to WES-negative
hypotonia cases led to one definitive and one possible
diagnosis in two out of 14 unresolved patients (14%).
The de novo heterozygous deletion in the COL6A3 gene,
identified in patient HPT-05, confirms a molecular diag-
nosis of Bethlem myopathy (BM), which is a rare auto-
somal dominant disease on the milder end of the clinical
spectrum of collagen VI-related myopathies character-
ized by a lack of distinct diagnostic features when com-
pared to other muscular dystrophies or neuromuscular
diseases [34, 40]. This makes early molecular confirma-
tion especially difficult. This deletion was missed through
the first-tier WES test, whereas sequential targeted
testing strategies would likely have failed to detect the
causal variant, as accurate identification would require
direct copy number analysis of COL6A3, which is one of
more than 40 genes implicated in muscular dystrophies
presenting with overlapping phenotypes such as mus-
cle weakness and hypotonia [41]. Therefore, this would
ultimately have led to an extended diagnostic odyssey,
increased costs, and, most likely, no definitive diagnosis.
The use of a unified LRS approach enabled rapid, accu-
rate variant detection, thereby avoiding these pitfalls.
Importantly, a timely diagnosis in such cases is crucial for
initiating targeted clinical interventions, including moni-
toring for progressive joint contractures and respiratory
complications [42].

The importance of integrating genetic and epigenetic
analyses within a unified diagnostic framework was fur-
ther exemplified by the simultaneous identification of a
heterozygous duplication of the POMK gene in patient
HPT-12, along with an aberrant methylation signature at
its promoter, a modification commonly associated with
transcriptional silencing. Although the coexistence of
increased copy number and promoter hypermethylation
does not constitute a definitive molecular diagnosis, it
raises the possibility of a complex regulatory mechanism
whereby the additional genomic copy fails to increase
gene expression due to epigenetic suppression. This
observation may represent a previously underrecognized
mechanism contributing to disease pathogenesis. Fur-
ther investigations, including transcriptome profiling and
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expression analyses, will be necessary to elucidate the
functional consequences of this combined genetic and
epigenetic alteration and to clarify its potential role in the
proband’s phenotype.

Our retrospective cohort analysis showed that many
patients with hypotonia (58%) remained undiagnosed
after standard-of-care testing, with limited access to fur-
ther investigations, while those who underwent sequen-
tial testing typically faced an extended journey before
achieving a definitive diagnosis. Interestingly, less than
half of the undiagnosed patients (61/161 [38%]) were
able to pursue additional testing, and of those, 29 (47.5%)
eventually received a diagnosis. This suggests that addi-
tional testing could still have been useful for a large num-
ber of undiagnosed patients (>60%), though it was not
pursued under current diagnostic paradigms, highlight-
ing the significance of a unified, comprehensive diagnos-
tic approach for hypotonia and muscle weakness. Delays
in diagnosis for many of those patients impose high costs
on healthcare systems, averaging $38,223 per year [32],
underscoring that LR-WGS could yield far-reaching
health economic benefits.

Furthermore, our analysis shows that the LR-WGS with
targeted analysis represents a more cost-effective diag-
nostic strategy than current standard-of-care paradigms.
Importantly, these cost advantages arise not solely from
sequencing costs, but also from consolidating multiple
diagnostic assays into a single, unified test and reducing
the prolonged diagnostic odyssey. While SR-WGS rep-
resents an alternative first-tier approach that may offer
lower upfront sequencing costs than LR-WGS, SR-WGS
has reduced sensitivity for several variant classes highly
relevant to hypotonia-associated diseases, including
complex structural variants and methylation abnormali-
ties. A direct cost-effectiveness comparison between SR-
WGS and LR-WGS approaches is beyond the scope of
this study. Therefore, future evaluations will be important
for defining the optimal balance among cost, diagnostic
yield, and clinical utility. It should be noted that our cost
analysis focused on costs and does not take into account
many indirect costs associated with the traditional test-
ing paradigm, including the economic burden described
above, associated with delayed or absent diagnoses for
many patients. The analysis also does not consider the
cost savings associated with a simplified consolidated
laboratory workflow utilizing a single LRS assay com-
pared to traditional multi-testing platforms. Additionally,
cost estimates for the LRS-based hypotonia panel were
derived from institutional cost-of-production data and
may vary across settings.

This study demonstrates the diagnostic potential of LR-
WGS in patients with hypotonia; however, several limita-
tions of our current workflow should be acknowledged.
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First, the analysis was restricted to known genes and loci
associated with hypotonia, with a primary focus on cod-
ing regions. This constraint may have limited the detec-
tion of pathogenic structural variants (SVs) and copy
number variants (CNVs) in novel genes or non-coding
regulatory regions, which may exert positional or regu-
latory effects on gene function. Similarly, methylation
profiling in this study was limited to predefined disease-
associated loci rather than encompassing a genome-wide
analysis. Unlike short-read sequencing, there are cur-
rently no standards or guidelines on best practices for
secondary and tertiary analysis of LR-WGS data. This,
along with the lack of control and disease datasets to
annotate frequencies of novel SVs, limits the scaling of
LR-WGS in clinical laboratories. However, our approach
here circumvents some of those limitations by focusing
the analysis on hypotonia loci, reducing the burden of
genome-wide variant interpretation.

Conclusion

This study demonstrates that LR-WGS with targeted
analysis can serve as a single, cost-effective, unified
diagnostic platform for the comprehensive detection of
all genetic and epigenetic etiologies of hypotonia-asso-
ciated diseases. In addition to consolidating different
types of molecular assays into one workflow, which will
likely shorten the diagnostic odyssey for many hypotonia
patients and reduce associated health economic burdens,
this diagnostic approach can successfully uncover missed
diagnoses as well as novel genomic and epigenomic
insights, which will strengthen our understanding of
these diseases, eventually leading to more accurate man-
agement of patients with hypotonia.

Abbreviations

CMA Chromosomal microarray analysis

CNVs Copy number variants

CNS Central nervous system

ddPCR Droplet digital PCR

DM Myotonic dystrophy

DM1 Myotonic dystrophy type 1

DM2 Myotonic dystrophy type 2

DMD Duchenne muscular dystrophy

FXS Fragile X syndrome

HGMD Human Gene Mutation Database

IGV Integrated Genomics Viewer

Indels Insertions and deletions

LR-WGS Long-read whole-genome sequencing

LRS Long-read sequencing

MD Muscular dystrophy

MS-MLPA  Methylation-specific multiplex ligation-dependent probe
amplification

MS-PCR Methylation-specific PCR

OMIM Online Mendelian Inheritance in Man

PWS/AS Prader-Willi syndrome/Angelman syndrome

SNVs Single-nucleotide variants

SMA Spinal muscular atrophy

SRS Short-read sequencing

STRs Short tandem repeats
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WES Whole-exome sequencing
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5’UTR 5" Untranslated region
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