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Abstract

Background Diagnosis of hereditary myopathy is often challenging owing to overlapping clinical phenotypes and
muscle histopathological findings. This retrospective study aimed to identify the phenotypic and genotypic spectra of
hereditary myopathies at a tertiary hospital in Riyadh, Saudi Arabia.

Methods We reviewed the medical records of patients with hereditary myopathy who were evaluated between
January 2018 and December 2022.

Results Eighty-seven patients (78 families) were included, two-thirds were men with a mean age of 35 (SD 14.2)
years. Limb-girdle muscular dystrophy (LGMD) was the most prevalent clinical diagnosis (25 cases; 29%), of whom, a
genetic diagnosis was achieved in 15 of 22 patients tested (68%). In genetically confirmed LGMD, the most prevalent
disorders were dysferlinopathy (27%) followed by fukutin-related protein (FKRP) - related limb girdle muscular
dystrophy (20%), sarcoglycanopathy (20%), lamin A/C related myopathy (13%), and calpain-3 myopathy (13%). In

26 patients with pathogenic/likely pathogenic variants, the genetic testing method was whole exome sequencing
(WES) (42%), Next generation sequencing (NGS) (31%), and targeted single gene analysis (27%). The sensitivity of
each genetic testing method was as follows: 100% for targeted single-gene analysis, 100% for targeted analysis of
D474 repeat array units, 88% for myotonic dystrophy protein kinase (DMPK) repeat expansion analysis, 42% for NGS-
neuromuscular panel, and 46% for WES.

Conclusion The prevalent types of hereditary myopathies were consistent with those reported locally and
internationally. This study highlights the diagnostic yield of various molecular genetic tests for the diagnosis of
hereditary myopathy in an adult cohort and the need for improved access to advanced molecular testing in cases
suspected to have facioscapulohumeral muscular dystrophy (FSHD) or mitochondrial myopathies.
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Background

Hereditary myopathies are a heterogeneous group of dis-
orders caused by mutations in the genes encoding pro-
teins critical for muscle structure and function [1]. The
diagnostic process can be complex and mostly includes
a comprehensive clinical assessment, electromyogra-
phy (EMG), laboratory testing, muscle histopathological
evaluation, and molecular genetic testing. The clinical
phenotype and muscle histopathological features can aid
in narrowing the genetic differential diagnosis, however
more commonly, these features overlap among heredi-
tary myopathies [2], underscoring the need for early and
wide-spectrum molecular analysis.

Despite recent advances and the declining costs of
molecular genetic testing, the diagnostic yield of vari-
ous molecular modalities across a wide spectrum of sus-
pected hereditary myopathies has rarely been reported in
Arab populations. A few studies from Saudi Arabia have
reported the diagnostic yield of next-generation sequenc-
ing (NGS) in the molecular diagnosis of specific catego-
ries of hereditary myopathies in small patient cohorts [3,
4].

Establishing a definitive genetic diagnosis guides
patient counselling and management, which can be life-
saving in some myopathies, such as prophylactic inser-
tion of cardiac defibrillators to prevent fatal arrhythmias.
Furthermore, a definite molecular diagnosis is a prerequi-
site for patient participation in clinical trials and is essen-
tial for accurate gene variant classification and diagnosis,
as reported in national and global variant databases.

Herein, we report a retrospective, cross-sectional, sin-
gle-center cohort of patients with hereditary myopathies
who presented to our adult neuromuscular clinic. This
study aimed to describe the phenotypic and genotypic
spectrum of hereditary myopathies in a population with
frequent consanguinity in addition to highlighting some
of the limitations in achieving molecular diagnoses in a
subgroup of our cohort.

Materials and methods

Study design and setting

This study is a retrospective chart review of patients with
hereditary myopathy from a tertiary hospital (King Saud
University Medical City, King Saud University) located in
Riyadh, the largest city and capital of Saudi Arabia.

The study population included patients who were
evaluated at our adult neuromuscular clinics between
January 2018 and December 2022. The inclusion criteria
were: (1) age=>14 years, (2) persistent or transient muscle
weakness attributed to myopathy by a neuromuscular
specialist based on one or more of the following criteria:
clinical features and electromyography (EMG) findings,
muscle magnetic resonance imaging (MRI) features, or
muscle histopathological findings, and (3) family history
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of myopathy or a phenotype consistent with hereditary
myopathy such as myotonia, muscle rippling, early con-
tractures, scapular winging, recurrent rhabdomyolysis,
recurrent periodic paralysis not explained by acquired
electrolyte disturbances, limb-girdle, facioscapulo-
humeral, humero-peroneal, or distal weakness, calf
hypertrophy or atrophy, or scoliosis. We excluded
patients with acquired myopathy or patients present-
ing with acute or subacute onset of weakness (with the
exception of periodic paralysis or rhabdomyolysis), fati-
gability, sensory symptoms or signs, or upper motor
neuron signs. Prior to genetic testing, most patients with
suspected hereditary myopathy were given clinical diag-
noses under general categories of myopathies (e.g., limb-
girdle muscular dystrophy, mitochondrial myopathy, etc.)
on the basis of age at onset, clinical phenotype, or family
history.

This study was approved by the Institutional Review
Board of King Saud University, Saudi Arabia. Informed
consent was waived. Data anonymization was maintained
throughout data collection and analysis.

Study variables and analysis

Demographic data, onset, distribution, and pattern of
weakness, family history, EMG features, and laboratory
tests (including serum creatine phosphokinase) were
reviewed. When available, results of pulmonary func-
tion testing (PFT), echocardiography, electrocardiogram
(EKG), Holter monitoring, muscle biopsy, muscle MRI,
and molecular genetic findings were collected. Con-
tinuous variables were expressed as mean and standard
deviation (SD). Categorical data were presented as fre-
quencies and percentages.

Molecular genetic testing

DNA was extracted from EDTA treated blood or from
dried blood spots on filter cards using standard, spin
column-based methods. DNA samples were shipped
to the following Clinical Laboratory Improvement
Amendments and College of American Pathologists
(CLIA-CAP) certified laboratories: Centogene (Rostock,
Germany), GenaTi (Jeddah, Saudi Arabia), or Center
for Genomic Medicine (King Faisal Specialist Hospital
and Research Center, Riyadh, Saudi Arabia). Molecu-
lar tests requested include Whole Exome Sequencing
(WES), Whole Genome Sequencing (WGS), Next Gen-
eration Sequencing (NGS) neuromuscular panel (NGS-
NM panel), and single gene analysis or targeted analysis.
Choice of initial molecular testing method and genetic
laboratory was at the discretion of the treating physician.
In cases suspected to have Facioscapulohumeral mus-
cular dystrophy (FSHD), testing for reduction of D4Z4
repeat array units on chromosome 4q35 was performed
at Bioscientia (Ingelheim, Germany). Detailed methods
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for all molecular tests and genes included in the NGS-
NM panel can be found in Appendix 1 of supplementary
data.

Molecular genetic diagnosis
All potential patterns for mode of inheritance are con-
sidered. In addition, provided family history and clinical

Table 1 Baseline clinical features of patients with hereditary
myopathy

Clinical features n(%)
N=87
Pattern of weakness
Limb girdle 48 (55)
Distal muscle weakness 11(13)
Facioscapulohumeral 9(10)

Early respiratory muscle weaknessand 3 (3)
distal weakness

Ptosis and ophthalmoplegia 2(2)
Humeroperoneal 1(1)
Distal extremity and axial weakness 1(1)
Normal manual muscle strength 12(14)
testing
Clinical myotonia
Type of myotonia Grip 9(75)
Tongue 5(42)
Eyelid 3(25)
Percussion 2(17)
Contractures 21 (24)
Site of contracture Achilles 17 (81)
Knee 11(52)
Elbow 10 (48)
Neck 4(19)
Wrist 2(10)
Finger flexors 1(5)
Calf atrophy 7(8)
Calf hypertrophy 6(7)
Scapular winging 13(15)
Scoliosis 19 (22)
Hyperlordosis 11(13)
Myalgia 31(36)
Recurrent periodic 3(3)
paralysis
Recurrent 2(2)
rhabdomyolysis
Asymptomatic 1(1)
hyperCkemia
Ambulation status at  Walk without assistance 53 (61)
the last follow up visit  Wheelchair bound 22 (25)
Walk with unilateral assistance 5(6)
Bedridden 22
Not mentioned 5(6)
Family history of 48 (55)
muscle weakness
Consanguinity 33(38)

present
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information are used to evaluate identified variants with
respect to their pathogenicity and causality. Variant
interpretation followed the American College of Medi-
cal Genetics (ACMG) guidelines, categorizing variants
into five classes: pathogenic, likely pathogenic, variant of
uncertain significance (VUS), likely benign, and benign

[5].

Results

We identified 100 patients with suspected hereditary
myopathy who attended our adult neuromuscular clinic
between January 2018 and December 2022. Thirteen
patients were excluded because of missing documen-
tation or incomplete clinical evaluations. A total of 87
patients from 78 families, with 8 families having more
than one person affected (Supplementary Table 5) were
included in the analysis. The large majority of patients
are Saudi (97%) males (66%) with a mean age of 35 (SD
14.2). Age at symptom onset was less than 10 years in 22
patients (25%), between 10 and 40 years in 41 patients
(47%), and above 40 years in 12 patients (14%). Age at
onset was not documented for 12 patients.

Family history of a similar disease was reported by 55%
of patients and consanguinity was present in 38%. The
most common pattern of weakness was limb-girdle distri-
bution (55%). Less than two-thirds of patients were able
to walk without assistance during their last clinic visit
(Table 1). PFT was performed in 48 patients, 38 (79%)
had abnormal results and 12 (25%) required bilevel posi-
tive airway pressure. Echocardiography was performed in
74 patients, 2 of whom (3%) had findings of dilated car-
diomyopathy. Arrhythmia was detected by EKG or Holter
monitoring in 7 (11%) of 65 tested patients. One patient
with arrhythmia required pacemaker insertion. Further
details are provided in Supplementary Table 1.

Prior to genetic testing, the most frequent clinical diag-
noses were limb-girdle muscular dystrophy (LGMD)
(29%) followed by facioscapulohumeral muscular dys-
trophy (FSHD) (10%), myotonic dystrophy type 1 (DM1)
(10%), and dystrophinopathy (10%) (Table 2). A distinct
clinical phenotype was lacking in 12 patients (14%).

A genetic test was requested in 63 of 87 (72%) patients
suspected to have hereditary myopathy. The remain-
ing 24 patients did not undergo genetic testing due to
unavailability or undocumented reasons. In 7 patients,
genetic testing method was not documented and access
to original genetic reports was not possible, all of these
patients were noted to have pathogenic/likely patho-
genic variants by the treating physician in the following
genes: 2 patients with LMNA and one patient each with
MYOI8B, DMD, SGCA, FKRP, and HSPG2. Original
genetic reports were not available in 4 out of 7 patients
with genetically confirmed myotonic dystrophy type 1,
the presence of pathogenic repeat expansions in DMPK
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Table 2 Clinical and genetic diagnoses of patients with suspected hereditary myopathy
Myopathy diagnosis

Clinical diagnosis Confirmed by genetic molecular testing,

, n (%) n/total tested
N=87 N=42
Dystrophinopathy 9(10) 7/7
Duchenne muscular dystrophy (DMD) 6 (7) 5/5
Becker muscular dystrophy (DMD) 3(3) 2/2
LGMD 25(29) 15/22
LGMD R2 dysferlin-related (DYSF) 4(5) 4/4
LGMD R9 FKRP-related (FKRP) 3(3) 3/3
EDMD (lamin A/C related myopathy) (LMNA) 3(3) 2/2
LGMD R1 calpain3-related (CAPN3) 2(2) 2/2
LGMD R3 a-sarcoglycan (SGCA) 2(2) 2/2
LGMD R6 &-sarcoglycan (SGCD) 11 11
LGMD R12 anoctamin5-related (ANOS) 1(1) 1/1
LGMD, undetermined type 9(10) 0/7
Facioscapulohumeral muscular dystrophy type 1 9(10) 2/2
Myotonic dystrophy type 1 (DMPK) 9(10) 7/8
Non-dystrophic myotonias 7 (8) 2/3
Myotonia congenita (CLCNT) 4(5) 171
Paramyotonia congenita 2(2) 0/1
Schwartz-Jampel syndrome, type 1(HSPG2) 1(1) ival
Hereditary periodic paralysis 3(3) 0/2
Hypokalemic periodic paralysis 22 0/1
Andersen Tawil syndrome (1) 0/1
Collagen VI related muscular dystrophy 3(3) 2/2
Ullrich congenital muscular dystrophy (COL6AT) 2(2) 2/2
Bethlem myopathy 1(1) 0/0
Congenital myopathy 1(1) 11
MYO18B associated myopathy 11 11
Distal myopathy 1(1) 0/0
Distal myopathy with early respiratory failure 3(3) 1/3
MFMO (TTN) (1) 1/1
Glycogen storage myopathy 3(3) 3/3
Glycogen storage type 3 (AGL) 2(2) 2/2
Glycogen storage disease X (PGAM?2) 1(1) 11
Danon Disease (LAMP2) 1(1) 11
Mitochondrial myopathy 1(1) 11
MNGIE (TYMP) 1(1) 1
Myopathy lacking distinct phenotype 12(14) 0/6

AGL, amylo-alpha-1, 6-glucosidase, 4-alpha-glucanotransferase; ANO5, anoctamin-5; CAPN3, calpain-3; CLCN1, chloride voltage-gated channel 1; COL6A], collagen
Type VI Alpha 1 Chain; DMD, dystrophin; DMPK, dystrophia myotonica protein kinase; DYSF, dysferlin; EDMD, Emery-Dreifuss muscular dystrophy; FKRP, fukutin-
related protein; HSPG2, heparan sulfate proteoglycan 2; LAMP2, lysosomal associated membrane protein 2; LGMD, limb-girdle muscular dystrophy; LMNA, lamin
A/C; MYOI18B, myosin XVIIIB; MNGIE, mitochondrial neurogastrointestinal encephalomyopathy; PGAM2, phosphoglycerate mutase 2; SGCA; sarcoglycan alpha; SGCD,
sarcoglycan delta; TTN, titin; TYMP, thymidine phosphorylase

following targeted analysis of DMPK was documented in
the electronic medical charts of all 4 patients.

The total number of tests with available documentation
of genetic testing methods were 61 tests in 56 patients
(Table 3). Frequencies of various genetic tests performed
are summarized in Table 3. The most frequent genetic
test requested was WES followed by NGS-NM panel.
More than one test was requested in 5 patients; three
patients underwent WES following a non-diagnostic
NGS-NM panel, one patient underwent DMPK repeat

expansion analysis following a non-diagnostic WES, and
one patient underwent WGS following a non-diagnostic
WES.

Pathogenic/likely pathogenic variants were detected in
26 patients, in whom genetic testing method was WES
(42%), NGS (31%), and targeted single gene analysis
(27%). The sensitivity of each genetic testing method was
as follows: 100% for targeted single-gene analysis, 100%
for targeted analysis of D4Z4 repeat array units, 88%
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Table 3 Frequency and diagnostic yield of various molecular genetic testing methods in 56 patients with hereditary myopathies

Molecular genetic testing method Total
WES NGS- Single- DMPK Targeted analy- WGS
NM gene repeat sis of D4Z4
panel testing expansion  repeat array
analysis units
Number of tests performed® 2439 1931 7(01) 8(13) 2(3) 1) 61
N (%)
Pathogenic/ likely pathogenic variants, N (% of tested) 11(46) 8(42) 7 (100) NA NA 0 26
Pathogenic repeat expansions, N (% of tested)” NA NA 7 (88) NA NA 7
Reduction of D4Z4 repeat array units, N (% of tested) NA NA NA 2 (100) NA 2

NA, not applicable; NGS-NM panel, next generation sequencing-neuromuscular panel; WES, whole exome sequencing; WGS, whole genome sequencing

5 Genetic testing method was documented for 61 tests performed in 56 patients

" Access to original genetic reports for DVPK repeat expansions was available for 3 patients only

Table 4 Clinical phenotypes associated with various causative
genes/molecular pathogenic changes in the current cohort of
hereditary myopathies

Clinical phenotype Gene N=40

Limb-girdle weakness DYSF 4
FKRP 3
CAPN3 2
SGCA 2
SGCD 1
ANO5 1

Limb-girdle weakness + calf DMD 7

hypertrophy

Limb-girdle LMNA 2

weakness + contractures COL6AT 2

Limb-girdle weakness + scoliosis MYO18B 1

Limb-girdle weakness +scapular TYMP 1

winging

Clinical myotonia +distal muscle DMPK 7

weakness

Clinical myotonia CLCNT 1

Clinical myotonia + skeletal HSPG2 1

deformity

Early respiratory muscle weak- TTN 1

ness +distal weakness

Exertional myalgia and cramps AGL 2
LAMP2 1

Recurrent rhabdomyolysis PGAM?2 1

Clinical phenotype Molecular pathogenic ~ N=2
change

Facioscapulohumeral weakness Reduction of D4Z4 repeat 2
array units

AGL, amylo-alpha-1, 6-glucosidase, 4-alpha-glucanotransferase; ANOS,

anoctamin-5; CAPN3, calpain-3; CLCNT, chloride voltage-gated channel 1; COL6AT,
collagen Type VI Alpha 1 Chain; DMD, dystrophin; DMPK, dystrophia myotonica
protein kinase; DYSF, dysferlin; FKRP, fukutin-related protein; HSPG2, heparan
sulfate proteoglycan 2; LAMP2, lysosomal associated membrane protein 2;
LMNA, lamin A/C; MYO18B, myosin XVIIIB; PGAM?2, phosphoglycerate mutase 2;
SGCA, sarcoglycan alpha; SGCD, sarcoglycan delta; TTN, titin; TYMP, thymidine
phosphorylase

for DMPK repeat expansion analysis, 42% for NGS-NM

panel, and 46% for whole exome sequencing (WES).
Characteristics of pathogenic or likely pathogenic

variants are summarized in Supplementary Table 2. A

heterozygous variant in TTN and compound heterozy-
gous variants in PGAM?2 were detected in one patient
each. All remaining pathogenic/likely pathogenic variants
with autosomal inheritance detected in our cohort are
present in a homozygous state with recessive inheritance
(Supplementary Table 2).

Molecular diagnosis rates across specific hereditary
myopathies are summarized in Table 2. Clinical pheno-
types associated with various causative genes/molecular
pathogenic changes are summarized in Table 4. Overall
frequencies of various causative genes/molecular patho-
genic changes are depicted in Fig. 1. Numbers of repeat
expansions in 3 patients with genetically confirmed myo-
tonic dystrophy typel are summarized in Supplementary
Table 6.

Twenty-one (33%) patients had indeterminate molec-
ular genetic results (variants of uncertain significance
or no variants detected). The clinical phenotypes, mus-
cle histopathological diagnoses, and EMG findings of
patients with indeterminate genetic testing are summa-
rized in Supplementary Table 3. Characteristics of vari-
ants of uncertain significance and their respective clinical
phenotypes are listed in Supplementary Table 4.

Discussion

The current cohort of adult patients with suspected
hereditary myopathy provides insights into the clinical
phenotypes, genetic testing outcomes, and diagnostic
yield of various molecular testing methods in these con-
ditions with overlapping clinical features. LGMD was the
most common hereditary myopathy encountered in our
clinics when considering both clinical and genetic diag-
noses. A molecular diagnosis was achieved in 68% of
patients clinically suspected to have LGMD (15 out of 22
tested), mostly by an NGS panel or WES (Table 2).

The choice of initial genetic testing method in our
patients was at the discretion of the treating physician,
mostly guided by a comprehensive clinical assessment.
Targeted analysis is optimal when the clinical pheno-
type is characteristic (e.g., DM1, FSHD, or Duchenne
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LAMP2, 2%
PGAM2, 2%

COL6A1, 5%

HSPG2, 2%
CLCN1, 2%

DMPK, 16%

Reduced D4Z4 repeat

array units, 5% LMNA, 5%
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TYMP, 2%

DMD, 16%

DYSF, 9%

FKRP, 7%

SGCA, 5%
SGCD, 2%
ANOS5, 2%

TTN, 2%

Fig. 1 Genes/molecular pathogenic changes causative of hereditary myopathy in our cohort. Percentages indicate the proportion of patients with the
corresponding genetic defect/molecular change among 42 patients with hereditary myopathy.

AGL, amylo-1,6-glucosidase, 4-alpha-glucanotransferase; ANO5, anoctamin-5; CAPN3, calpain-3; CLCNT, chloride voltage-gated channel 1; COL6AT, col-
lagen Type VI Alpha 1 Chain; DMD, dystrophin; DMPK, dystrophia myotonica protein kinase; Reduction of D4Z4 repeat array units; DYSF, dysferlin; FKRP,
fukutin-related protein; HSPG2, heparan sulfate proteoglycan 2; LAMP2, lysosomal associated membrane protein 2; LMNA, Lamin A/C; MYO18B, myosin
XVIIIB; PGAM2, phosphoglycerate mutase 2; SGCA; sarcoglycan alpha; SGCD, sarcoglycan delta; TTN, titin; TYMP, thymidine phosphorylase

muscular dystrophy), a familial mutation has been identi-
fied, or a founder mutation is common in an ethnic group
[6]. Conversely, NGS panels are appropriate first-line
genetic tests for cases with limb-girdle myopathies and
overlapping clinical phenotypes, given their comprehen-
sive coverage of associated genes, including testing for
deletion/duplication [6]. WES is particularly useful when
the clinical phenotype is complex or when targeted genes
are not covered by an NGS panel [6].

Genetic testing methods with the highest diagnostic
yields in our cohort were targeted single-gene analysis
and targeted analysis of D4Z4 repeat array units (100% in
both), although the number of tests is very small, 7 and 2
tests respectively. Sensitivity of repeat expansion analysis
in DMPK followed at 88% and is not unexpected owing to
the characteristic phenotype of myotonic dystrophy type
1. The high sensitivity of targeted single-gene analysis in
7 patients tested using this method is explained by pres-
ence of a highly characteristic phenotype in 5 patients
(Duchenne muscular dystrophy) and family history of a
specific gene defect in 2 patients (one patient with mito-
chondrial neurogastrointestinal encephalomyopathy
[MNGIE] and one patient with Glycogen storage disease
type 3).

Despite the relatively few patients, mutations in dys-
ferlin (DYSF) comprised 27% (4 out of 15) of geneti-
cally confirmed LGMD, followed by fukutin-related
protein (FKRP) (20%), sarcoglycanopathy (20%), lamin
A/C related myopathy (13%), and calpain-3 myopa-
thy (CAPN3) (13%). These findings are consistent with
those of previous studies, Monies et al. [3]. reported a
molecular diagnosis rate of 76% in patients suspected to
have LGMD when testing with a NGS neurological dis-
ease panel (759 genes). Prevalent causative genes in their
cohort were DYSF (20%), CAPN3 (16%), FKRP (14%), and
sarcoglycanopathy (12%) [3]. Alharbi et al. [7, 8] reported
a prevalence of 29.5% and 19.6% for DYSF and CAPN3
respectively in cohort of 112 Saudi Arabian families with
LGMD. The contribution of ANOS to the LGMD pheno-
type was minor in this study (7%) but slightly higher than
that reported by Monies et al. (2%) [3] and Bohlega et al.
(3.1%) [9].

Internationally, the frequency of genes affected are
similar to those detected in cohorts from Saudi Arabia.
In a report of 4,656 patients from the United States, the
predominant contributors to LGMD phenotypes were
CAPN3 (17%), DYSF (16%), and FKRP (9%), however the
diagnostic yield of targeted NGS was lower (27%) than
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that of our cohort (42%) [10]. In an Australian cohort,
the most common genes with recessive inheritance con-
tributing to LGMD phenotypes were CAPN3 (5.9%),
DYSF (4.2%), and FKRP (4.2%) genes [11]. WES achieved
a diagnosis in 45% of patients in whom targeted gene
sequencing was non-diagnostic, similar to the yield of
WES in the current study (46%) [11]. In a Chinese study,
DYSF (49.5%) and CAPN3 (24.8%) were the most com-
mon subtypes of LGMD when NGS was pursued as a first
tier test [12]. Overall, the prevalent subtypes of LGMD
are comparable internationally, but the yield of the NGS
panels and WES is variable, possibly owing to differences
in methodology, number of genes included in the NGS
panels, or inclusion criteria of the reported cohorts [13—
17]. The small number of cases limits comparison of the
diagnostic yield of targeted analysis in our series to those
reported in other studies (Table 3).

All but three pathogenic/likely pathogenic variants
(COL6A1, TYMP, PGAM?2) in our patients are previously
published (Supplementary Table 2). Pathogenic variants
in the current cohort that have been previously reported
in the Saudi population include FKRP (c.941 C>T), DYSF
(c.164dup & c.167dup), and SGCA (c.101G> A), reported
by Monies et al. (2016), [3] in addition to the CAPN3
variant (c.1076 C>T) reported by Alharbi et al. (2021) [7]
and ANOS variant (c.172 C>T) reported by Bohlega et
al. [9]. To our knowledge, none of the pathogenic/likely
pathogenic variants detected in our patients arise as a
founder effect.

Two of our patients presented with distal weakness and
early respiratory failure, a clinical phenotype consistent
with hereditary myopathy with early respiratory fail-
ure (HMERF). One patient carried a pathogenic variant
in exon 344 of TTN, (NM_001267550.2) ¢.95,195 C>T
p.(Pro31732Leu) (Tables 2 and Supplementary Table 2).
The other patient carried a heterozygous VUS in exon
359 of titin (TTN), the first M-band exon (Mex1) of the
TTN gene (c.106126G>A) (Supplementary Table 4). The
patient carrying a VUS presented with distal leg weak-
ness and respiratory insufficiency requiring non-invasive
ventilation at age 38. A deltoid biopsy showed non-spe-
cific myopathic features such as endomysial fibrosis, type
1 fiber predominance, and internalized nuclei with no
detected cytoplasmic bodies or rimmed vacuoles. MRI of
the extremities was not performed; MRI can support the
diagnosis in HMEREF if a characteristic pattern of muscle
involvement is seen (degeneration of semitendinosus
and obturator muscles and anterolateral compartment of
lower leg). To our knowledge, variants in exon 359 have
not been previously reported in association with HMERF
phenotype. Exon 344 (encoding the fibronectin-3 [FN3]
domain in the A-band region of titin) has been identi-
fied as a mutational hotspot region in HMERE, with
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autosomal dominant inheritance of most variants affect-
ing these exons [18, 19].

No cases of myotonic dystrophy type 2 (DM2) were
diagnosed in our cohort, DM2 is frequently under-rec-
ognized clinically as this condition may lack evidence of
percussion or grip myotonia. Moreover, molecular diag-
nosis of DM2 requires targeted analysis of CNBP which
is not routinely included in NGS panels, contributing
further to under recognition of this disorder. A total of
9 patients in this cohort are suspected to have FSHD
based on characteristic clinical phenotype and autosomal
dominant inheritance pattern, albeit targeted analysis of
D474 repeat array units was performed in only 2 of these
patients due to restricted access to laboratories perform-
ing this test at our institution [20].

In cases of indeterminate molecular diagnosis fol-
lowing testing with NGS, WES, or targeted analysis,
the approach for further evaluation should be tailored
to individual patients. The 2021 American Academy of
Electrodiagnostic and Neuromuscular Medicine guide-
lines recommend testing for 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMGCR) or signal recognition
particle (SRP) antibodies in genetically undetermined
cases of limb-girdle weakness with moderate or severe
creatinine kinase elevation [6], in light of recent studies
reporting immune mediated necrotizing myositis mim-
icking clinical phenotypes of LGMD and facial-sparing
FSHD. [21-24] None of the indeterminate cases with the
limb-girdle phenotype in our cohort underwent testing
for SRP or HMGCR antibodies.

Histopathological evaluation of the muscles was per-
formed in the majority of genetically indeterminate cases,
none of which revealed unique pathological features that
guide additional genetic testing (e.g., mitochondrial fea-
tures) or suggest pathogenicity of variants of uncertain
significance (e.g., structural defects in implicated pro-
teins). Muscle pathology techniques at our institution are
not advanced (limited availability of immunohistochemi-
cal stains), therefore this may have resulted in underes-
timation of the value of muscle pathology in guiding
further genetic testing.

Limitations of our analysis include the retrospec-
tive nature of the study with incomplete clinical docu-
mentation. Limited access to mitochondrial genome
sequencing at our institution may have resulted in
underrepresentation of mitochondrial myopathies in
our patients (2 patients with ptosis and ophthalmoplegia
with indeterminate genetic diagnosis). Access to original
genetic reports was not possible for 7 patients noted to
have pathogenic/likely pathogenic variants (2 patients
with LMNA, and one patient each with MYOI8B, DMD,
SGCA, FKRP, and HSPG?2) in addition to 4 patients noted
to have pathogenic repeat expansions in DMPK. Distri-
bution patterns of myopathic changes on EMG, as well as
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detailed muscle pathologic features, are not elucidated in
our cohort, the authors deemed these to be beyond the
scope and objectives of the study. Furthermore, referral
bias limits the generalizability of the results as the find-
ings were reported from a single tertiary referral hospital.

Conclusions

Observations from this cohort shed light on the clinical
and genetic outcomes of adult patients with hereditary
myopathy in central Saudi Arabia and underscore the sig-
nificance of tailoring molecular genetic analysis to each
clinical phenotype to guide cost-effective, early diagnosis
of these conditions. In limb-girdle pattern of weakness,
molecular diagnosis is frequently achieved through NGS
panels or WES, whereas myopathies associated with a
unique phenotype were best approached using targeted
analysis (FSHD, DM1). The high rate of indeterminate
molecular genetic findings in our cohort warrants fur-
ther research to identify the potential diagnostic value of
advanced muscle histopathological evaluations or whole-
genome sequencing. Moreover, improved access to
advanced molecular testing for FSHD and mitochondrial
genome sequencing is of critical importance.
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