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Abstract.
Background: Molecular diagnostics in the genetic myopathies often requires testing of the largest and most complex transcript
units in the human genome (DMD, TTN, NEB). Iteratively targeting single genes for sequencing has traditionally entailed
high costs and long turnaround times. Exome sequencing has begun to supplant single targeted genes, but there are concerns
regarding coverage and needed depth of the very large and complex genes that frequently cause myopathies.

1Present address: Miami Children’s Hospital, Miami Genetic
Laboratory, Miami, FL, USA.

2Present address: Department of Neurology and Neurological
Sciences, Stanford University School of Medicine, Palo Alto, CA.

∗Correspondence to: Eric P Hoffman, PhD, Children’s National
Medical Center, 111 Michigan Ave NW, Washington DC 20010,
USA. Tel.: +1 202 476 6011; Fax: +1 202 476 6014; E-mail:
ericphoffman@gmail.com.

ISSN 2214-3599/16/$35.00 © 2016 – IOS Press and the authors. All rights reserved

mailto:ericphoffman@gmail.com


U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

2 J. Punetha et al. / Targeted Sequencing in Myopathies

Objective: To evaluate efficiency of next-generation sequencing technologies to provide molecular diagnostics for patients
with previously undiagnosed myopathies.
Methods: We tested a targeted re-sequencing approach, using a 45 gene emulsion PCR myopathy panel, with subsequent
sequencing on the Illumina platform in 94 undiagnosed patients. We compared the targeted re-sequencing approach to exome
sequencing for 10 of these patients studied.
Results: We detected likely pathogenic mutations in 33 out of 94 patients with a molecular diagnostic rate of approximately
35%. The remaining patients showed variants of unknown significance (35/94 patients) or no mutations detected in the 45
genes tested (26/94 patients). Mutation detection rates for targeted re-sequencing vs. whole exome were similar in both
methods; however exome sequencing showed better distribution of reads and fewer exon dropouts.
Conclusions: Given that costs of highly parallel re-sequencing and whole exome sequencing are similar, and that exome
sequencing now takes considerably less laboratory processing time than targeted re-sequencing, we recommend exome
sequencing as the standard approach for molecular diagnostics of myopathies.

Keywords: Muscular dystrophy, myopathies, molecular diagnostic testing, high-throughput DNA sequencing, massively-
parallel sequencing, Exome, molecular diagnostics, genetic screening

INTRODUCTION

Inherited myopathies exhibit a wide range of
genetic and phenotypic heterogeneity, making their
molecular diagnoses particularly challenging [1–3].
Molecular diagnostics is an increasingly important
part of the clinical workup, but the extensive genetic
heterogeneity, and the requirement to test the largest
and most complex genes in the genome [e.g. DMD
(2.4 Mb, largest gene), TTN (largest protein, 363
exons)] can lead to costly and time consuming molec-
ular diagnostic workups [4, 5]. Single-gene testing
is now being replaced by faster and less expensive
highly parallel next-generation sequencing methods
that have recently entered the clinical realm [6–9].

There have been concerns regarding adequate
sequence coverage of the highly complex myopathy
candidate genes using whole genome sequenc-
ing [10]. Targeted re-sequencing panels containing
candidate genes for muscular dystrophies and
myopathies have been developed and proven success-
ful in providing molecular diagnoses [11, 12]. Jones
et al. used a targeted PCR based enrichment panel for
24 genes causing congenital disorders of glycosyla-
tion (CDG) on 12 previously diagnosed CDG patients
and were able to confirm diagnoses for all patients
[13]. Valencia et al. compared two different tar-
geted sequencing enrichment strategies, i.e. solution
based hybrid capture (SureSelect) and microdroplet
based PCR (RainDance) for 12 congenital muscu-
lar dystrophy (CMD) genes in 12 patients [14]. They
recommend microdroplet based PCR technology as
a more efficient enrichment strategy for molecular
diagnostics in the clinical laboratory. To further test
their microdroplet PCR congenital muscular dystro-
phy panel, Valencia et al. showed its application in
20 undiagnosed patients and 6 controls [15]. Vasli et

al. tested a targeted sequencing panel using Agilent
Sureselect and Illumina sequencing for 267 genes
known to cause neuromuscular diseases (NMD) in
16 patients with known and unknown molecular diag-
noses [16]. They were able to characterize pathogenic
mutations in several NMD genes including large
genes like TTN, DMD and RYR1. Lim et al. reported
a panel for congenital muscular dystrophy with dys-
troglycanopathies covering 26 genes, and reported
data for 4 patients [17]. More recently, Savarese et
al. reported a panel for non-syndromic muscle disor-
ders covering 93 genes including larger genes using
the Haloplex enrichment system (Agilent) for 177
myopathy patients with a mutation success rate of
∼29% [18]. All these studies reported lower sequence
coverage in certain exons and recommended supple-
mental Sanger sequencing for low coverage regions.

Here, we describe the development and testing of a
targeted sequencing panel of 45 genes associated with
muscular dystrophy and congenital myopathies in 94
undiagnosed muscle disease patients. For sequence
enrichment, we utilized the RainDance emulsion
PCR based microdroplet technology system [19] fol-
lowed by next-generation sequencing on the Illumina
platform [20]. Whole exome sequencing was done in
parallel for a subset (n = 10) of these patients, to com-
pare the sensitivity of targeted and exome sequencing
methods for molecular diagnosis of patients with
muscle disease.

MATERIALS AND METHODS

Patients

Patients were recruited under the institutional
review board (IRB) protocol 2405, which has been
reviewed and approved by the Office for the Pro-
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tection of Human Subjects at Children’s National
Medical Center, Washington DC, USA. Forty-two
patients were recruited through the Institute for
Neuroscience and Muscle Research, Sydney, Aus-
tralia. Ethics approval was obtained from the Human
Research Ethics Committee of the Sydney Children’s
Hospitals Network (Approval No: 10.CHW.45) and
written informedconsentwasobtainedfromallpartic-
ipants. Genomic DNA was extracted from blood using
the Gentra Puregene blood kit (Qiagen, Germantown,
MD) following manufacturer’s instructions.

Design and use of a targeted sequencing panel
for muscle disease

Candidate genes for our muscle disease targeted
sequencing panel were chosen based on literature
reports and the Leiden muscular dystrophy database
to compile genes associated with non-syndromic
muscular dystrophies and congenital myopathies.
Raindance emulsion microdroplet PCR technology
was selected for sequence enrichment [19] and a
list of 45 muscle disease causing genes submitted
for primer design. The target library consisted of
1851 amplimers targeting 1426 exons of the 45 can-
didate muscle disease genes (Table 1). Details of
target library including disease association, number
of exons targeted, and amplicon sizes are included in
supplementary information (Supplementary Table 1).

Sequence enrichment

Primer library was custom-designed by Rain-
Dance (RainDance Technologies, Lexington, MA)
using the National Center for Biotechnology Infor-
mation’s GRCh36/hg18 human reference sequence.
Primers were designed to amplify 1426 unique exons
and exon/ intron boundaries for the 45 muscular
dystrophy and myopathy genes listed in Table 1,
(total library size of ∼82 kb) resulting in 1851
PCR amplimers. The amplimers ranged in size from
200–600 bp with guanine cytosine (GC) content
ranging from 24–80%. Genomic DNA (2.5–3 �g)
was sheared to 2–4 kb fragments using a Covaris
S220 instrument (Covaris, Woburn, MA). For target
sequence amplification, input DNA template mixture
was prepared and loaded on to the RDT1000 system
(RainDance Technologies, Lexington, MA) for merg-
ing with primer library. After the merge, emulsion
mixture was transferred to a standard thermocycler
(Applied Biosystems 9700) for PCR amplification
using the following conditions: Initial denaturation

Table 1
Genes included in our targeted myopathy panel

Gene Exons Amplicons Gene Exons Amplicons

ACTA1 7 7 LMNA 12 17
ANO5 22 34 MATR3 19 25
BAG3 3 7 MTM1 15 20
CAPN3 31 36 MYH7 38 38
CAV3 3 9 MYOT 11 14
COL6A1 31 35 NEB 176 177
COL6A2 27 35 POMGNT1 27 28
COL6A3 43 64 POMT1 19 21
CRYAB 3 3 POMT2 21 29
DES 8 12 RYR1 102 106
DMD 88 97 SEPN1 13 21
DNM2 22 25 SGCA 10 10
DYSF 58 58 SGCB 6 17
EMD 6 8 SGCD 10 38
FHL1 12 18 SGCG 8 10
FKRP 5 15 SMN1 18 20
FKTN 11 31 TCAP 2 4
FLNA 43 46 TPM2 9 9
GAA 22 25 TPM3 13 50
ITGA7 23 25 TRIM32 2 15
LAMA2 65 65 TTN 313∗∗ 458
LARGE 16 21 VCP 16 19
LDB3/ZASP 17 29 Total: 1426∗ 1851

List of 45 genes including number of exons and amplicons targeted
in our Raindance myopathy targeted sequencing panel. Details
about disease association are included in Supplementary Table 1.
∗Number of total targeted exons at time of design in 2011. Our
analysis used a more updated RefSeq database with 1483 exons.
∗∗For the titin gene analysis, we used the more comprehensive
TTN-1 C (NM 001267550.1) isoform containing 363 total exons.
Although the panel design mentioned 313 targeted exons, we found
that it covered 314 exons.

at 94◦C for 2 min; 55 cycles at 94◦C for 15 s; 54◦C
for 15 s; 68◦C for 30 s; final extension at 68◦C for
10 min and a 4◦C hold. The emulsion was bro-
ken to release amplified PCR droplets that were
purified using Qiagen MinElute column purification
(Qiagen, Germantown, MD). The purified PCR prod-
uct was then run on a DNA high sensitivity chip
(Agilent Technologies, Santa Clara, CA) to con-
firm that amplicon profile matched the predicted
histogram profile. End repair and ligation was per-
formed using NEBNext end repair module (NEB,
Ipswich, MA) for 30 min at 25◦C followed by sample
purification. The PCR fragments were concatenated
using the NEB quick ligation kit (NEB, Ipswich,
MA) and incubated at 20◦C for 2 hrs followed by
sample purification. The concatenated samples were
sheared to 200 bp using the Covaris S220 instrument
(Covaris, Woburn, MA). The ligated-sheared prod-
uct was then run on a DNA high sensitivity chip
(Agilent Technologies, Santa Clara, CA) to confirm
sample quality. The Qubit dsDNA HS Assay Kit (Life
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Fig. 1. Analysis pipeline for mutation detection with targeted sequencing and exome sequencing data.

Technologies, Carlsbad, CA) was used for sample
quantification. For exome enrichment, the Illumina
TruSeq exome capture kits were used following man-
ufacturer’s instructions (Illumina, San Diego, CA).

Sequencing and data analysis

The standard Illumina Tru-seq (Illumina, San
Diego, CA) sample preparation protocol for sequenc-
ing was followed. Concentrations of indexed samples
were determined by quantitative-PCR (KAPA
Biosystems, Woburn, MA). Enriched DNA was dena-
tured and diluted to a concentration of ∼12 pM.
Cluster generation and 100 bp paired end sequenc-
ing was performed using standard HiScanSQ and
MiSeq (Illumina, San Diego, CA) protocols using
version 3 and 2 kits respectively. Multiplex paired-
end sequencing of 17–24 samples per lane of the
flow cell was performed for targeted sequencing. For
exome sequencing, 3–4 samples per flow cell were
multiplexed on the Illumina HiScan SQ sequencer.
Only reads with a Q score > 30 were used for further
analysis. CASAVA 1.8.1 (Illumina, San Diego, CA)
was utilized for conversion of the raw.bcl files to.fastq
files and de-multiplexing the barcoded samples per
lane. Alignment to the human genome reference
(hg19), variant calling, and annotation was performed
using NextGene (SoftGenetics, State College, PA)
software.

Variant filtering and classification

Variants were filtered to include only non- synony-
mous, novel (not present in dbSNP, <1% frequency

in 1000 genomes) variants present in coding regions
+/– 5 bp as shown in Fig. 1. Prediction scores of muta-
tion pathogenicity and conservation were referenced
using dbNSFP [21] within NextGene. The potential
novel variants were cross-referenced using Alamut
software (Interactive Biosoftware, Rouen, France) for
HGVS naming and classification. We further filtered
variants using our in-house sequencing database as
well as the National Heart, Lung, and Blood Insti-
tute (NHLBI) exome variant server [22] and ExAC
[23] databases. Interpretation of variants was done
using the recommendations from the ACMG guide-
lines [24]. A report of the novel variants was sent to
the referring physician including whether the variant
has been previously reported, mutation pathogenic-
ity predictions by dbNSFP [21], brief summaries and
web links for phenotypes typically associated with
the probable causative genes. We did not have access
to phenotype data before variant analysis to make it
an unbiased approach. The referring physician then
helped limit the likely candidate pathogenic genes
by cross-referencing to patient phenotype. Variants
were classified as likely pathogenic or variants of
unknown significance (VOUS/VUS). Patients with
no mutations found in our targeted sequencing panel
(26/94) were listed as no mutations found. Variants
were classified based on these features 1) whether
variant has been previously reported (pathogenic or
VOUS) on databases like Leiden muscular dystrophy
database, Clinvar 2) homozygous or compound het-
erozygous mutations were prioritized as more likely
to be disease causing 3) frame-shifting variants were
prioritized compared to missense variants 4) conser-
vation score of nucleotide or amino acid as well as
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Missense
Splice site

Frameshifting

Nonsense
In-frame

No mutations

Fig. 2. Mutation distribution chart for targeted sequencing data
from 94 patients. The outer circle depicts variant classification
based on pathogenicity i.e likely pathogenic and variants of
unknown significance (VOUS/VUS). The inner pie chart shows
distribution of the mutations in likely pathogenic vs. VOUS
variants.

physicochemical difference of changed amino acids
5) the protein domain that mutation is present in 6) if
mutation correlates with phenotype and inheritance
pattern observed. Based on these criteria and litera-
ture reviews we assigned pathogenicity to variants.
Graphical representation of variants in all patients
(Fig. 2) was performed using open-source software
d3 supported on d3pie.org.

Processing samples for comparisons of depth vs.
dropouts

Illumina.fastq files of all samples (targeted
and exome) were mapped to the human genome
(ucsc.hg19.fasta); forward and reverse (paired-end
reads) files were paired into one SAM file using the
Burrows-Wheeler Aligner (BWA, v0.5.9-t26-dev).
Post alignment, the SAM files were converted to
BAM using Samtools (v0.1.18) and all files per
sample were merged into a single BAM file using
Picard tools (v1.58). The BAM files were sorted
using Samtools, duplicate reads marked and removed
with Picard, and BAM files indexed using Sam-
tools. Lastly, we performed covariate analysis and
recalibrated tables using Genome Analysis Tool Kit
(GATK, v1.3).

Coverage calculations

In order to analyze coverage per exon, we used a
combination of samtools and bedtools (v2.16.2) to

extract the reads in each BAM file. The BED file we
used contained the coordinates for titin variant 1 C
(NM 001267550.1). The average coverage of each
sample was determined using the extracted reads for
each of the 20 samples (10 targeted and 10 exome).
The samples were then normalized to 100x aver-
age coverage by multiplying the read count of each
exon by a scalar factor. Next, each normalized sam-
ple was counted to determine how many exons had
reads equal to or below 30x, 20x, 10x, 5x, 1x, and
0. The data was averaged, calculated for standard
deviation and graphed. The frequency distribution
histogram of coverage per exon was created using the
average coverage of each exon across the 10 samples
sequenced in the panel and binned for every 10x. The
percent coefficient of variance histogram: The aver-
age for each exon for the 10 samples was calculated
for each method along with the standard deviation and
coefficient of variation. The table with percentage of
covered exons was extracted from bedtools output.
The Kolmogorov-Smirnov test was used to compare
the distribution of reads between exome and TS exon
populations.

Validation of variants by Sanger sequencing

Select variants were validated with Sanger
sequencing as noted in the online clinical sup-
plementary table. Primer sequences can be made
available upon request. Amplicons were sequenced
using the Big Dye Terminator v3.1 cycle sequenc-
ing kit (Life Technologies, Carlsbad, CA) on the
ABI 3730 DNA Analyzer (Life Technologies, Carls-
bad, CA). Sequences were compared to reference
sequences using Sequencher TM 4.8 (Gene Codes
Corporation, Ann Arbor, MI).

RESULTS

Targeted sequencing results

Mutation detection
We analyzed sequencing data covering 45 genes

(1851 amplimers targeting 1426 exons) known
to cause myopathies and muscular dystrophies in
94 patients that were referred to us for molecular
diagnostics under a research based diagnostic pro-
tocol. For detection of mutations in our targeted
panel data we used an analysis and filtering pipeline
as shown in Fig. 1. Based on phenotype informa-
tion and discussions with the referring physician, we
classified variants into two categories that reflected
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Table 2
Likely pathogenic mutations

# Clinical Diagnosis Gene Transcript Variant Haplotype

1 CMD COL6A2 NM 001849.3 c.954G>T(p.Lys318Asn) heterozygous
2 CFTD TPM2 NM 003289.3 c.181T>C(p.Ser61Pro) heterozygous
3 MFM DES NM 001927.3 c.1360C>T(p.Arg454Trp) heterozygous
4 LGMD CAPN3 NM 000070.2 c.223dup(p.Tyr75Leufs∗5) compound

c.439C>T(p.Arg147∗) heterozygous
5 CMD RYR1 NM 000540.2 c.6721C>T(p.Arg2241∗) compound

c.14645C>T(p.Thr4882Met) heterozygous
6 CMD LAMA2 NM 000426.3 c.7691T>C(p.Leu2564Pro) compound

c.9253C>T(p.Arg3085∗) heterozygous
7 LGMD (very POMT2 NM 013382.5 c.1261C>T(p.Arg421Trp) compound

mild-learning disability) c.1170 1171del(p.His390Glnfs∗39) heterozygous
8 CMD POMT2 NM 013382.5 c.1997A>G(p.Tyr666Cys) homozygous
9 LGMD2I ANO5 NM 213599.2 c.172C>T(p.Arg58Trp) homozygous
10 MFM DES NM 001927.3 c.1216C>T(p.Arg406Trp) heterozygous
11 CMD RYR1 NM 000540.2 c.2029C>T(p.Gln677∗) compound

c.14524G>A(p.Val4842Met) heterozygous
12 LGMD DYSF NM 003494.3 c.2643+1G>A(p.?) compound

c.3113G>A(p.Arg1038Gln) heterozygous
13∗ Miyoshi myopathy DYSF NM 003494.3 c.2643+1G>A(p.?) homozygous
14∗ BMD/DMD DMD NM 004006.2 c.10509 10510del(p.Glu3505Alafs∗9) hemizygous
15∗ LGMD ACTA1 NM 001100.3 c.460G>C(p.Val154Leu) homozygous
16 LGMD ANO5 NM 213599.2 c.352del(p.Glu118Lysfs∗23) homozygous
17 Nemaline myopathy NEB NM 001271208.1 c.7523 7526del(p.Ile2508Thrfs∗14); compound

c.7291G>A(p.Glu2431Lys) heterozygous
18 ULGMD LMNA NM 170707.2 c.1357C>T(p.Arg453Trp) heterozygous
19 LGMD2B DYSF NM 003494.3 c.4253G>A(p.Gly1418Asp) heterozygous
20 CNM/multi-minicore TTN NM 001267550.1 c.42151+1G>C(p.?); compound

NM 001267550.1 c.39547+3A>G(p.?) heterozygous
21 CMD/CNM TTN NM 001267550.1 c.42315 42318del(p.Lys14105Asnfs∗35); compound

c.67349-2A>C(p.?) heterozygous
22 CFTD RYR1 NM 000540.2 c.10204T>G(p.Cys3402Gly) heterozygous
23 CMD TTN NM 001267550.1 c.107867del(p.Leu35956Argfs∗16); compound

c.106531+2T>A(p.?) heterozygous
24 CFTD RYR1, LAMA2 NM 000540.2; c.10204T>G(p.Cys3402Gly); heterozygous

NM 000426.3 c.2049 2050del(p.Arg683Serfs∗21)
25∗ LGMD CAV3 NM 033337.1 c.100G>A(p.Glu34Lys) heterozygous
26 Unknown myopathy ACTA1 NM 001100.3 c.923A>G(p.Tyr308Cys) heterozygous
27 CFTD RYR1 NM 000540.2 c.1438G>A(p.Glu480Lys) heterozygous
28 LGMD FKRP NM 001039885.2 c.74C>A(.Ser25∗); compound

c.76 77del(p.Trp26Alafs∗6); heterozygous
c.826C>A(p.Leu276Ile)

29 Suspected titinopathy TTN NM 001267550.1 c.55732+5G>C(p.?); compound
c.32471-1G>A(p.?) heterozygous

30 Congenital myopathy MYH7 NM 000257.2 c.452C>T(p.Pro151Leu) heterozygous
31 CFTD TPM3 NM 152263.2 c.502C>G(p.Arg168Gly) heterozygous
32 LGMD TTN NM 001267550.1 c.102956 102958del(p.Thr34319del); compound

c.62722C>T(p.Arg20908∗) heterozygous
33 CMD COL6A3 NM 004369.3 c.7264C>T(p.Arg2422∗) heterozygous
∗These patients were also exome sequenced. CMD; congenital muscular dystrophy, CFTD; congenital fiber-type disproportion, MFM;
myofibrillar myopathy, LGMD; limb-girdle muscular dystrophy, DMD; Duchenne muscular dystrophy, BMD; Becker muscular dystrophy,
ULGMD; unknown limb-girdle muscular dystrophy, CNM; centronuclear myopathy, CFTD; congenital fiber-type disproportion.

pathogenicity likelihood i.e. mutations that were
likely pathogenic (Table 2) and variants of unknown
significance (VOUS/VUS; Table 3). There were 24
patients with no mutations detected in our targeted
panel; these are described in Table 4, including their
current diagnostic status (if any). Information on
phenotype and other confirmatory studies has been

provided in the online clinical table and uploaded on
ClinVar.

Mutation distribution for our targeted sequenc-
ing data from 94 patients is represented in Fig. 2.
We were able to provide likely diagnoses to 33
of 94 patients (approximately 35% molecular diag-
nostic rate). Variants of unknown significance with
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Table 3
Variants of unknown significance

# Clinical Diagnosis Gene Variant Haplotype

34 LGMD2B FKRP c.341C>G(p.Ala114Gly) heterozygous
35 CNM, congenital scoliosis TTN, COL6A1 c.55418del(p.Arg18473Lysfs∗14); heterozygous

c.1716del(p.Tyr573Thrfs∗29)
36 CMD LMNA, DNM2 c.985C>G (p.Arg329Gly);

c.853C>G(p.Leu285Val)
37 ULGMD DMD c.799C>T(p.Gln267∗) heterozygous
38 Core-rod myopathy TTN c.43747+2T>C(p.?) heterozygous
39 CNM CAV3 c.380C>A(p.Thr127Asn) heterozygous
40 ULGMD COL6A2 c.1358G>A(p.Arg453His) heterozygous
41 ULGMD LAMA2 c.4487C>T(p.Ala1496Val) heterozygous
42 LGMD ITGA7 c.2752C>T(p.Arg918Trp); compound

c.1011-4A>G (p.?) heterozygous
43 UCMD COL6A3, COL6A2 c.2218C>T(p.Arg740Cys);

c.503G>T(p.Ser168Ile)
44 CMD ACTA1 c.341C>T(p.Pro114Leu) heterozygous
45 TTN c.101821A>T(p.Arg33941∗) heterozygous
46 CMD SEPN1 c.713 714dup(p.Arg239Thrfs∗19) heterozygous
47 Nemaline myopathy NEB c.1782+4 1782+5del(p.?) heterozygous
48 myositis or non-inflam myopathy TTN c.91690G>T(p.Gly30564∗); compound

c.20494+3C>A(p.?) heterozygous
49 LGMD MYH7; c.3337-5 3375-4insG(p.?); heterozygous

COL6A3 c.4156G>A(p.Glu1386Lys)
50 CFTD RYR1 c.7244G>A(p.Arg2415Gln) heterozygous
51∗ CMD, COLVI lookalike TTN c.3490G>T(p.Glu1164∗) heterozygous
52 CMD, COLVI lookalike COL6A3 c.8168T>C (p.Ile2723Thr) heterozygous
53 CNM MYOT, DNM2 c.314C>T(p.Pro105Leu);

c.190G>A(p.Val64Ile)
heterozygous

54 CNM MYOT, DNM2 c.314C>T(p.Pro105Leu);
c.190G>A(p.Val64Ile)

55 Unknown TTN c.106154A>C(p.Lys35385Thr); compound
c.45599C>G (p.Ala15200Gly) heterozygous

56 LGMD TTN c.1297G>A(p.Val433Ile) heterozygous
57 Mitochondrial myopathy TTN c.30437T>A(p.Val10146Asp) heterozygous
58 LGMD TTN c.84105A>T(p.Leu28035Phe); compound

c.14217A>C(p.Glu4739Asp) heterozygous
59 Distal myopathy COL6A3 c.4156G>A(p.Glu1386Lys) heterozygous
60 ULGMD LAMA2 c.9145C>G(p.Gln3049Glu) heterozygous
61 ULGMD ITGA7; TTN 2675 heterozygous
62 CMD POMT2; NEB c.629T>C(p.Met210Thr); heterozygous

c.23662G>A(p.Glu7888Lys)
63 Unknown myopathy TTN c.50614G>C(p.Ala16872Pro) heterozygous
64 Metabolic myopathy COL6A1 c.1425del(p.Gly476Alafs∗29) heterozygous
65 Distal myopathy TTN c.75050T>C(p.Ile25017Thr); compound

c.46387G>A(p.Gly15463Arg) heterozygous
66∗ Unknown TTN c.19879T>G(p.Ser6627Ala) heterozygous
67 muscle weakness TTN c.91762G>A(p.Asp30588Asn); compound

c.83315A>T(p.Asn27772Ile) heterozygous
68 LGMD with prominent scapular atrophy COL6A2 c.1336G>A(p.Asp446Asn) heterozygous
∗These patients were also exome sequenced. MD; muscular dystrophy, CNM; centronuclear myopathy, CMD; congenital muscular dystro-
phy, UCMD; unknown congenital muscular dystrophy, LGMD; limb-girdle muscular dystrophy, ULGMD; unknown limb-girdle muscular
dystrophy, CFTD; congenital fiber-type disproportion.

unknown pathogenicity were seen in 35/94 (∼37%)
of patients respectively and represent the largest
group of mutations detected. No mutations were
found in our targeted panel for 26/94 (∼28%)
patients. Mutation type distribution (missense, splice
site, frameshifting, nonsense) was compared in the
two groups – likely pathogenic and VOUS in the

inner pie chart of Fig. 2. Missense mutations pre-
dominated as the most common mutation type in
both groups. In the VOUS group, ∼71% muta-
tions were of the missense type compared to the
pathogenic/likely pathogenic group which comprised
of ∼51% missense mutations. The percentage of
splice site mutations was similar in both groups; this
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Table 4
No mutations found

Patient # Clinical diagnosis Diagnosis status

69 Muscular dystrophy with foot drop
70 Myositis - severe
71∗ non-specifIc Congenital myopathy
72 Multi-mini core pathogenic mutation in DOK7 detected
73 Distal muscle, muscle pain pathogenic mutation in GNE detected using exome sequencing
74 Dominant Congenital SMA

(DCSMA)
pathogenic mutation detected in BICD2 [Oates et al., 2013] using a combination of both

linkage and exome techniques
75 CFTD
76 CFTD
77 ULGMD
78 UCMD Novel gene found
79∗ CMD Unaffected parents also exome sequenced, unsolved case
80∗ CMD pathogenic mutation in GMPPB found via exome sequencing, reported in Carss et al.,

2013
81 lower predominant SMA
82 Pathogenic mutation in CHKB detected using targeted sequencing after biopsy review
83 CMD
84∗ Unknown CMD Unaffected parents also exome sequenced, unsolved case
85 Congenital myopathy
86 Congenital myopathy
87 FSHD like
88 Dystrophy limb-girdle muscular dystrophy with quadriceps atrophy locus reported to map to

11p13-p12 [Jarry et al., 2007]
89 IBM
90 IBM
91∗ Dermatomyositis
92 Dermatomyositis Novel gene found
93∗ BMD Duplication exon 3-7 in DMD gene - confirmed via CNV analysis from targeted data
94 Core-like myopathy
∗These patients were also exome sequenced. LGMD; limb-girdle muscular dystrophy, CMD; congenital muscular dystrophy, CNM; centronu-
clear myopathy, LGMD; limb-girdle muscular dystrophy, UCMD; unknown congenital muscular dystrophy, CFTD; congenital fiber-type
disproportion, SMA; spinal muscular atrophy, IBM; inclusion body myositis; BMD; Becker muscular dystrophy.

is likely due to our relaxed definition of splice sites as
+/– 5 bps of coding sequences. Using a more stringent
splice site acceptor/donor (+/– 2) mutations only def-
inition, we eliminated all splice site mutations found
in the VOUS group.

Mutations in TTN
Titin variants were reported using titin skeletal

muscle isoform (NM 133378.4) as well as full length
titin isoform (NM 001267550.1) using the Mutalyzer
program [25]. The region of the protein contain-
ing the variant is noted i.e. Z-disk, I-band, A-band,
M-band. For patients with potentially pathogenic
titin mutations with phenotypes resembling reported
titinopathies, we ranked variants as likely pathogenic
pending further protein and segregation analysis stud-
ies. Table 5 lists all patients with likely pathogenic
mutations in titin along with phenotype observed.

Depth and exon dropouts in targeted panel
In order to determine the optimal sequencing depth

needed to minimize the number of exon dropouts

i.e. missing exons of targeted genes; we had to first
divide our samples into two groups depending on
the sequencer used. Depth was dependent on the
sequencer used; with higher depth obtained for sam-
ples sequenced on the Illumina HiScan SQ (range
of 293x – 2901x) as compared to Illumina Miseq
benchtop sequencer (range of 71x – 211x). Depth and
dropouts were compared for a few samples that were
sequenced using both sequencers (twelve MiSeq and
eight HiScan sequenced patient samples) as shown
in Fig. 3. Average read depth varied between sam-
ples and sequencer used. Increasing average read
depth decreased the number of exon dropouts; until
it reached a saturation point of ∼200x where less
than 2% of exons had equal or less than 10x depth
compared to 7% at 71x depth.

Comparing sensitivity of targeted vs. exome
panels

Design comparisons
To compare the regions covered by our targeted

panel and exome methods; we compared the design
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Table 5
Cases with likely pathogenic mutations in TTN

Patient # 20 21 23 29 32

TTN N2-A
isoform
NM 133378.4

c.34447+1G>C(p.?);
c.32245+3A>G(p.?)

c.34611 34614del
(p.Lys11537Asnfs*35);

c.100163del
(p.Leu33388Argfs*16);

c.48028+5G>C(p.?);
c.28739-1G>A(p.?)

c.95252 95254del
(p.Thr31751del);

c.59645-2A>C(p.?) c.98827+2T>A(p.?) c.55018C>T
(p.Arg18340*)

Exon #; effect
NM 133378.4

exon 178, splice; intron
161, likely splice

exon 179, frameshift;
exon 268, splice

exon 312, frameshift;
exon 308, splice

intron 236, likely splice; exon
127 splice

exon 307, in
frame; exon
253, nonsense

Full length
TTN
NM 001267550.1

c.42151+1G>C(p.?);
c.39547+3A>G(p.?)

c.42315 42318del
(p.Lys14105Asnfs*35);

c.67349-2A>C(p.?)

c.107867del
(p.Leu35956Argfs*16);

c.106531+2T>A(p.?)

c.55732+5G>C(p.?);
c.32471-1G>A(p.?)

c.102956 102958del
(p.Thr34319del);

c.62722C>T
(p.Arg20908*)

Exon #; effect
NM 001267550.1

exon 230, splice; intron
208, likely splice

exon 231, frameshift;
exon 320, splice

exon 364, frameshift;
exon 360, splice

intron 288, likely splice; exon
131 splice

exon 359, in
frame; exon
305, nonsense

TTN band or
protein
domain

I-band (Ig domain);
I-band (PPAK motif);

A-band (Fibronectin
domain)

I-band (Ig domain);
A-band (Fibronectin

domain)

M-band (Ig domain);
M band (Ig domain)

A-band (Fibronectin domain);
I-band (PPAK motif)

M-band (Ig
domain);

A-band
(Fibronectin
domain)

Sex M M M M F
Family history Y N N Y N
Clinical

diagnosis
CNM/multi-minicore CMD/CNM CMD suspected titinopathy LGMD

Cardiac
features

Y Y N unknown Y

Histo-
pathology

Mildly dystrophic,
internalized nuclei,
multi-minicores on EM

central nuclei Fiber type
disproportion

? cardiac muscle
with abnormal
(swollen)
mitochondria,
possibly artifact

CNM; centronuclear myopathy, CMD; congenital muscular dystrophy, LGMD; limb-girdle muscular dystrophy, EM; electron microscopy.



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

10 J. Punetha et al. / Targeted Sequencing in Myopathies

0

50

100

150

200

250

300

350

400

450

N
um

be
r o

f E
xo

ns
 

Average Targeted Exon Depth 

Dropouts < or = 30x

Dropouts < or = 20x

Dropouts < or = 10x

Zero Reads

Fig. 3. Comparison of average depth vs. exon dropouts in targeted
sequencing data. An increase in average read depth rapidly lowers
the number of exon dropouts as seen in the graph. This reaches a
saturation point at around 200x depth. Depth and dropouts were
compared for a few samples that were sequenced using both
sequencers (twelve MiSeq and eight HiScan sequenced patient
samples).

(BED files) of our 45 targeted myopathy genes in
both methods. However, the design was created in
2011 (Table 1) and updates to the RefSeq database
have introduced new exons and isoforms to the list
of targeted myopathy genes. To ensure that we are
obtaining the most accurate coverage of the genes, we
decided to update our list of exons for each gene at
during time of analysis (2014). We found the updated
45 targeted myopathy genes contain 1483 unique
exons (57 more exons than counted in the design).
Of 1483 exons covered by the targeted panel, 41
exons were not targeted by exome (Supplementary
Table 2A). With the inverse analysis, a single exon
in the exome panel was not covered in the targeted
panel (Supplementary Table 2B).

Most of the non-targeted exome (41 exons)
regions were in genomic regions that contained high
sequence similarity to other regions in the genome.
Most of the non-targeted loci were part of three
genes: The SMN1 gene (9 exons), SMN2 (9 exons),
NEB gene (16 exons); each of these genes contains
exon repeats that are part of intragenic sequence
duplications. Other non-targeted regions were due to
discrepancies in differing annotations, GC content,
and isoform information present at the time of
design. For example, we found four 5’ CAPN3
exons on the TS panel annotated under the 3’ region
of an upstream gene GANC in the exome panel.
Additional annotation discrepancies include MATR3
exons that were annotated as SNHG4 exons due to
sequence overlap. Four missing exons were likely

omitted due to particularly high or low GC content
such as SEPN1 (87%, exon 1, NM 020451.2),
POMGNT1 (83%, exon 1, NM 017739.3), FHL1
(80%, exon1, NM 001159702.2) and FKTN
(37%, exon2, NM 001079802.1) (Supplementary
Table 2A). Another source of discrepancy between
the panels may be the isoform choice and EST
(expressed sequence tag) evidence available during
the time of design (see below for an example
with TTN) or the exons could simply have been
missed.

Coverage comparisons
Twelve patient samples were enriched for tar-

get exons by using both targeted sequencing (TS)
and exome methods. Two out of twelve samples
had poor quality for either targeted or exome data
and were discarded from further coverage compar-
isons. The exome samples averaged at approximately
30x coverage, and overall coverage ranged from
11x – 50x (Supplementary Table 3). The tar-
geted samples averaged 1016x coverage and ranged
from 53x – 2525x overall coverage (Supplementary
Table 4).

Comparing TTN coverage
To compare performance of the two enrichment

methods, we tested coverage of TTN transcript vari-
ant 1 C (TTN-1 C, NM 001267550.1) for targeted
and exome data. We used titin as an exemplar as it
has 363 coding exons (largest protein) and extensive
alternative splicing. TTN-1 C was chosen for com-
parison as it is inclusive of most exons of the TTN
gene. The specific TTN isoform used for design of
the exome panel (Illumina TruSeq exome enrichment
kit) was not disclosed in the product information.
Before determining coverage of exons, we deter-
mined how many exons of TTN-1 C each panel was
designed to target. After intersecting the coordinates
of TTN-1 C by targeted amplicons, we discovered
that 47/363 exons of TTN-1 C were not targeted by
our targeted panel. TTN-1 C exon coordinates by the
exome panel targets showed 49/363 untargeted TTN-
1 C exons. The ∼50 exons untargeted by both panels
were nearly identical (Supplementary Table 5). We
determined that the lack of these 50 exons was
due to the timing of EST/genome builds, where
the TTN-1 C transcript was solidified about 3 years
after the targeted and exome panels were designed.
These exons were excluded from subsequent
analyses.
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A

B C

Fig. 4. Comparison of normalized coverage distribution, exon coefficient of variance and exon dropouts for TTN-1 C between samples
(n = 10) run on both targeted and exome panels (4A). Normalized coverage distribution of TTN-1 C exons in 10 patient samples enriched by
both targeted (TS) and exome methods. (4B). Graph comparing the percent coefficient of variance (%CV) of all normalized TTN-1 C exons
enriched by both targeted (TS) and exome methods. (4C). Comparison of number of TTN-1 C exons containing less than or equal to 30x,
20x, 10x, 5x, 1x, and zero normalized reads from all 10 samples.

To directly compare the distribution of cover-
age across the 314 TTN-1 C loci, the coverage of
TTN-1 C exons by both panels was extracted and
normalized to 100x (Fig. 4A). The distribution of
exon coverage showed that targeted samples con-
tained a larger spread than exome, with more exons
in the 0–10x range and >100x. The exome samples
in contrast had a tighter distribution with more exons
concentrated in the 30–80x range. We performed a

two-sample Kolmogorov-Smirnov test to determine
if the population of normalized exon reads between
TS and exome are similar (Fig. 4A, Table 6) and found
that the two methods (targeted and exome) to be sig-
nificantly different with a corrected combined K-S
p-value of 0.002. We calculated the mean, standard
deviation and percent coefficient of variance (%CV)
for the ten samples that were enriched by both meth-
ods. We found that %CV for the exons in the exome
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Table 6
Kolmogorov-Smirnov test used to check difference in normalized
TTN-1 C exon coverage across myopathy targeted sequencing and

exome panels

Smaller group D’ p-value∗ corrected

Targeted 0.1424 0.0002 NA
Exome –0.1459 0.001 NA
Combined K-S 0.1459 0.003 0.002
∗The p-values ksmirnov calculated are based on the asymptotic
distributions derived by Smirnov (1933).

samples ranged from 5 to 35% (15% CV consid-
ered good). In contrast the targeted samples contained
33/314 TTN-1 C exons that ranged beyond exome
samples from 36 to 294 %CV (Fig. 4B), 23/33 tar-
geted exons were above 50% CV and 15/33 targeted
exons had standard deviations that were significantly
different from the exome samples (Supplementary
Table 6) indicating high sample-to-sample variability
in targeted exons. The normalized samples enriched
by both methods were counted for exons contain-
ing reads equal to or below 30x, 20x, 10x, 5x, 1x
and zero reads (excluding TTN-1 C exons untargeted
by both panels). On average, the targeted samples
contained more reads equal to or below 30x when
compared to exome (Fig. 4 C). Similar results were
also observed in a previous study comparing a custom
RainDance congenital myopathy panel to an alterna-
tive in solution hybrid capture method, Agilent Sure
Select [14]. In addition, the standard deviation for
number of exons below 30x in targeted samples is
higher than exome. Notably targeted samples also
contained more exons that were completely missed
or contained zero reads, which may be due to abnor-
mal GC content. Exome samples contained fewer
TTN-1 C exons with less than 100% base coverage
(Table 7). From the raw coverage of TTN-1 C, we used
BedTools coverage to determine percent base cover-
age of each TTN-1 C exon in both TS and exome
methods. TS had an average of 14.1 exons with
less than 100% coverage of which 1.9 are exons
that were not covered at all. None of the targeted
exons were missed in the exome samples for the
TTN-1 C.

Comparison of coverage of exons in additional
genes

The same analyses performed on TTN-1 C were
replicated in five other large genes including DMD,
NEB, DYSF, COL6A3 and RYR1 (Fig. 5). We found
the results from these additional genes to be similar
to the detailed studies of TTN-1 C above (Fig. 5 and
Table 7).

DISCUSSION

Mutation distribution in targeted panel data

In this study, we carried out targeted sequenc-
ing with a myopathy candidate gene panel of 45
genes in a cohort of 94 undiagnosed muscle dis-
ease patients. These patients were recruited from a
broad referral population and did not have a molec-
ular defect identified prior to enrollment in the study
protocol. We were able to provide likely diagnoses
for 33/94 (35%) of patients with likely pathogenic
mutations (Fig. 2). Most exome sequencing studies
have seen a molecular diagnostic rate of approxi-
mately 22–25%, with better rates seen in cases of
Mendelian disorders [26, 27]. Our molecular diag-
nostic rate is similar to that reported by Savarese et
al. (29% pathogenic mutations) that used a candi-
date muscle-disease gene panel with 93 genes for
177 undiagnosed myopathy patients [18]. Twenty-
five patients with likely pathogenic variants (from
33) had Sanger sequencing validation carried out
by independent laboratories, and there was a 100%
concordance rate of our next-gen data and inde-
pendent validations. This data agrees with previous
studies showing the robust nature of the nextgen
sequencing approaches, and also questions whether
Sanger validations are absolutely necessary (when
coverage is sufficient). The likely pathogenic muta-
tions (33 patients) were detected in 19 of the 45
targeted genes. Savarese et al. reported a relatively
high frequency of pathogenic mutations in the RYR1
(6/52 patients), NEB (3/52 patients) and TTN (2/52
patients) genes [18]. We observed a relatively high
frequency of pathogenic and likely pathogenic muta-
tions in TTN (5/33 patients) and RYR1 (5/33 patients)
genes. In most previous reports of sequencing of both
TTN and RYR1 genes, Sanger sequencing was lim-
ited to mutational hot-spot regions, making Sanger
based molecular diagnostics problematic as these
large genes also have many polymorphisms. Variant
interpretation to determine pathogenicity for TTN and
RYR1 mutations is reported below.

Titin mutations

Titin (TTN) mutations are known to be respon-
sible for both cardiac and skeletal muscle diseases
with wide- ranging phenotypes and modes of inheri-
tance, although the complex and large size of the gene
has made interpretations of pathogenicity challeng-
ing [MIM # 188840]. Based on previous literature
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Fig. 5. Comparison of normalized coverage distribution (4A), exon coefficient of variance (4B) and exon dropouts (4 C) for combined
coverage of DMD, COL6A3, NEB, RYR1, and DYSF genes in a subset of patient samples (n = 10) that were sequenced on both targeted and
exome panels.

Table 7
Average number of TTN-1 C exons that contain incomplete coverage of the length of the exon

Reference Information < = 100% bp coverage < = 70% bp coverage 0% coverage
Gene RefSeq ID # exons TS exome TS exome TS exome

TTN NM 001267550.1 363 [316/314]* 14.1 1 10.5 0.2 1.9 0
DYSF NM 001130987.1 56 1.2 0 1.2 0 1.2 0
COL6A3 NM 004369.3 44 2.2 0 2.2 0 2.2 0
NEB NM 001271208.1 184 (178)∗∗ 0.4 0 0.4 0 0.4 0
RYR1 NM 000540.2 106 (103)∗∗ 0.8 0.1 0.8 0.1 0.8 0.1
DMD NM 004006.2 79 1.5 0 1.5 0 1.5 0

All calculations are based on the average of 10 samples enriched by both methods. TS; targeted sequencing. ∗Exons in square brackets are
the exons targeted by both panels (47 TS / 49 exome untargeted). ∗∗Exons in parenthesis are exons targeted by TSE (6 NEB exons and 3
RYR1 exons untargeted).
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and newer TTN mutational surveys, generalizations
emerge that: (1) recessive loss-of-function mutations
in TTN are causative of muscle diseases with or with-
out heart defects [28, 29] (2) dominant (late onset)
and recessive mutations (early onset) in the last exons
coding for the M-line region of titin protein lead to
late onset tibial muscular dystrophy [30–32] (3) dom-
inant missense variants in the mutational hotspot exon
343 lead to hereditary myopathy with early respira-
tory failure (HMERF) without cardiac abnormalities
[33–39] (4) dominant truncating mutations are gen-
erally responsible for adult onset cardiomyopathies
[40–42].

As our current study was focused on myopa-
thy patients, we first used titin loss of function
(frameshift, indels, splice/likely splice, nonsense)
variants for initial ranking to help identify potential
pathogenic variants. We discussed variant-positive
patients with the referring physicians to check
whether our molecular data fit the clinical phe-
notype and inheritance patterns observed for the
patient (e.g. tibial muscular dystrophy, HMERF phe-
notypes). Using this classification scheme, we were
able to shortlist five patients with likely pathogenic
titin variants (recessive LOF, Table 5) from a total
of nineteen patients with TTN variants (rest classi-
fied as VOUS). Our mutation classification for titin
was more stringent than the probably pathogenic titin
missense mutations reported by Vasli et al. using a tar-
geted sequencing panel, where 2 out of 16 patients
were reported with possible pathogenic missense
TTN mutations [16].

Chauveau et al. reported a comprehensive meta-
analysis of all 127 coding titin pathogenic variants
reported to date [43]. Out of the 127 variants, 19 were
located in the carboxyl-terminal M-line region corre-
sponding to a skeletal muscle-specific isoform, and
thought to contribute to skeletal muscle disease. How-
ever, the authors pointed out that this region (coded
by six exons, ex 258–363) has been preferentially
screened in the past and until the rest of the titin
gene has been screened equally it is not accurate to
refer to it as a hotspot. We found a total of 29 vari-
ants in the titin gene in 19 patients (19/95), of which
10 variants were classified as likely pathogenic for
5 patients (Table 5) that resembled clinical picture
for titin recessive mutations. Three of the 10 likely
pathogenic variants were in the M-line region, despite
this domain representing only ∼6.5% of the TTN
gene. Thus, our data is consistent with a probable
mutational hotspot in the M-line domain for skeletal
muscle disease.

RYR1 mutations

Mutations in the ryanodine receptor type 1
gene are related to malignant hyperthermia sus-
ceptibility and myopathies including central core,
multiminicore, centronuclear, congenital fiber type
disproportion, and King-Denborough syndrome
[MIM# 180901]. Prior to next-gen sequencing, there
were three hotspots for RYR1 mutations located in
the N-terminal, central, and C-terminal domains cor-
responding to RYR1 protein however recent studies
have shown that mutations are located throughout
the gene [44, 45]. Generally, central core disease
and malignant hyperthermia susceptibility present as
dominant mutations in the C-terminus [46]. Reces-
sive mutations can cause core and non- core related
myopathy and are located throughout gene, with
usually one mutation causing hypomorphic expres-
sion of RYR1 protein [47, 48]. In our cohort,
RYR1 compound heterozygous mutations were seen
in two patients with congenital myopathy pheno-
type; RYR1 missense mutations were seen in three
patients with two showing a congenital fiber type
disproportion phenotype and another with core-like
myopathy. Some myopathies are seen with malig-
nant hyperthermia susceptibility, however the risk for
malignant hyperthermia for most patients with RYR1
variants remains unclear [49]. RYR1 is included in
the ACMG (American College of Medical Genet-
ics and Genomics) ‘medically actionable’ incidental
findings list for whole genome and exome sequenc-
ing; it is required to report known pathogenic
mutations that cause autosomal dominant malignant
hyperthermia [50]. However, evaluating malignant
hyperthermia susceptibility mutations is challenging
as the disease shows variable expressivity, incomplete
penetrance and is not easily diagnosed in the clinic
[51, 52].

Comparing targeted and whole exome
sequencing strategies

Our results suggest that the exome panel (Illumina
TruSeq) showed better performance compared to our
targeted panel (RainDance) in terms of sensitivity,
coverage uniformity, and target design. This is likely
due to the hybrid capture technology used in the
exome panel compared to PCR based enrichment in
the targeted panel. Our results are similar to those
obtained by Valencia et al. comparing a hybrid
capture (Agilent SureSelect) and PCR enrichment
(Raindance) method [15]. In contrast, Savarese et
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al. reported higher coverage using their targeted
‘motorplex’ panel of 93 genes (Agilent) compared
to whole exome sequencing, with discovery of
20–30% more variants with targeted sequencing
[18]. The targeted Agilent hybrid-capture approach
utilized by Savarese et al. in their motorplex assay
is methodologically more similar to exome hybrid-
capture than the emulsion PCR targeted sequencing
approach used by Valencia et al. and in our studies
here. Thus, it is likely that hybrid-capture approaches
in general lead to better sensitivity and coverage than
targeted PCR approaches. For clinical diagnostic
settings, the quality criteria for next-gen panels,
including coverage and diagnostic yield should be
clearly defined and validated before being offered as
a diagnostic test [53]. One of the major limitations of
both targeted and exome sequencing is the inability
to detect large structural variations i.e. large inser-
tions/deletions, and copy number variations (CNVs)
[54]. With newer bioinformatics tools, sensitivity of
CNV/indel detection in neuromuscular diseases has
increased [55–57]. Although this still remains depen-
dent on the depth of data and sequencing batches
utilized.
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