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1 | INTRODUCTION
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Abstract

Introduction/Aims: Currently, there are no straightforward guidelines for the clini-
cal and diagnostic management of hyperCKemia, a frequent and nonspecific pre-
sentation in muscle diseases. Therefore, we aimed to describe our diagnostic
workflow for evaluating patients with this condition.

Methods: We selected 83 asymptomatic or minimally symptomatic patients with
persistent hyperCKemia for participation in this Italian multicenter study. Patients
with facial involvement and distal or congenital myopathies were excluded, as were
patients with suspected inflammatory myopathies or predominant respiratory or
cardiac involvement. All patients underwent a neurological examination and nerve
conduction and electromyography studies. The first step of the investigation
included a screening for Pompe disease. We then evaluated the patients for myo-
tonic dystrophy type ll-related CCTG expansion and excluded patients with copy
number variations in the DMD gene. Subsequently, the undiagnosed patients were
investigated using a target gene panel that included 20 genes associated with
isolated hyperCKemia.

Results: Using this approach, we established a definitive diagnosis in one third of
the patients. The detection rate was higher in patients with severe hyperCKemia
and abnormal electromyographic findings.

Discussion: We have described our diagnostic workflow for isolated hyperCKemia,
which is based on electrodiagnostic data, biochemical screening, and first-line
genetic investigations, followed by successive targeted sequencing panels. Both
clinical signs and electromyographic abnormalities are associated with increased

diagnostic yields.

KEYWORDS
creatine kinase, diagnostic workflow, hyperCKemia, muscle disease, next-generation
sequencing

has improved the diagnostic approach in genetic disorders, as con-

firmed by several reports describing its diagnostic efficacy world-
3,5-20

Muscle diseases encompass a broad range of disorders and, in most
cases, they lead to motor impairment, often due to a genetic defect.!
In some patients, the clinical features are straightforward, making it
possible to establish an accurate diagnosis immediately. In most cases,
however, the clinical clues are limited due to overlapping and non-
specific presentations, making it challenging to establish a precise
diagnosis.? In cases of milder signs or symptoms, such as isolated
hyperCKemia, the clinical presentation may be even less specific,
complicating the diagnostic process.

With the advent of next-generation sequencing (NGS) technol-
ogy, the limitations of the previous gene-by-gene approach have
largely been overcome. The simultaneous analysis of numerous genes
is time-saving and allows for the analysis of rare genes associated
with heterogeneous phenotypes. Therefore, compared with Sanger
sequencing, targeted gene panels are more cost-effective and result in

a larger number of diagnoses.* Overall, massively parallel sequencing

wide.

Accordingly, the reported diagnostic rate of a massively parallel
sequencing-based approach in muscle diseases is higher than that
obtained using traditional strategies, such as Sanger sequencing,?!
and an increasing number of studies using targeted sequencing panels
for the molecular characterization of muscular disorders have
reported detection rates ranging from 15% to 65%.1%22 Target gene
panels are frequently used in clinical practice, but a consensus has not
yet been reached on when they should be used during the diagnostic
process. For instance, it has been proposed that massively parallel
sequencing should be performed before other investigations,®
thereby endorsing target gene panels or genome sequencing as the
universal first-tier test for these heterogeneous genetic condi-
tions.12% However, the massively parallel sequencing approach pre-
sents some limitations because the large volume of generated data

requires time for data analysis and management, and the process
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involves some risk of errors, including false-negative results owing to
missed repeat expansions or false-positive results.2* In addition, gene
panels may lead to incidental findings in unrelated genes.?”

Therefore, we aimed to describe our diagnostic approach, which
includes a combination of different steps for overcoming the limita-
tions of NGS, in patients with asymptomatic or minimally symptom-
atic hyperCKemia.

2 | METHODS

Patients were recruited from neuromuscular clinics at the IRCCS Poly-
clinic San Martino in Genoa, IRCCS Giannina Gaslini Institute in
Genoa, AOU Hospital Federico Il in Naples, and Molinette Hospital in
Turin, during a period of approximately 3 years from March 2017 to
January 2020. All the patients were older than 16 years of age. The
inclusion criteria were presence of hyperCKemia (confirmed in two
independent examinations) alone or in association with mild signs or
symptoms of muscle disease. HyperCKemia was defined as a creatine
kinase (CK) level greater than 1.5 times the upper limit of normal
(ULN), as defined in the European Federation of the Neurological
Societies (EFNS) guidelines.22”

All patients were evaluated by taking a clinical history and per-
forming a neurological examination that included the Medical
Research Council (MRC) scale for assessing muscle strength.

We included minimally symptomatic patients who presented with
mild signs of muscle disease, such as mild muscle weakness (MRC 24)
present in fewer than four muscles, rippling phenomena, and episodes
of rhabdomyolysis. We also considered minimally symptomatic
patients who presented with only vague symptoms, such as myalgia,
undue fatigue, exercise intolerance, cramps, and stiffness.2® We
excluded patients with a family history of diagnosed myopathy or with
a clear phenotype suggestive of myotonic dystrophy type 1 or
facioscapulohumeral muscular dystrophy, which could easily lead to a

diagnosis, as well as patients with predominant distal weakness or
congenital onset myopathy. Patients exhibiting the acute or subacute
onset of muscle weakness or a rapid disease course were suspected
of having inflammatory myopathy and were required to undergo a
specific work-up.2® The medical causes of hyperCKemia, such as sta-
tins or other drug-based treatment associated with CK elevation,
abnormalities in thyroid function, and other endocrine or metabolic
causes, were ruled out.?’ Furthermore, we excluded patients with pri-
mary involvement of the respiratory or cardiac system.

Figure 1 summarizes the diagnostic workflow. All patients under-
went a confirmatory laboratory test to evaluate the levels of CK,
aspartate aminotransferase, alanine aminotransferase, lactate dehy-
drogenase, and lactic acid, as well as a urine analysis. We classified
hyperCKemia as follows: mild, less than fivefold the ULN; moderate,
five- to tenfold the ULN; and severe, greater than tenfold the ULN.
Electrodiagnostic studies, consisting of both nerve conduction studies
and electromyography (EMG), were part of the routine evaluation.
Electrodiagnostic data were used to stratify patients into different
groups: patients with normal EMG findings; patients with EMG find-
ings compatible with a muscular disorder; and patients with neuro-
genic signs. In some patients, a muscle biopsy was performed
previously and did not aid in establishing a diagnosis. Based on clinical
data and electrodiagnostic results, the patients were examined using
our diagnostic workflow, and the previous muscle biopsy was not an
exclusion criterion. In these cases, the electrodiagnostic studies were
retrospective.

After obtaining written consent for genetic testing, we performed
a dried blood spot (DBS) test for evaluating a-glucosidase (GAA) activ-
ity. We then tested our patients for myotonic dystrophy type || (DM2)
and copy number variations in the DMD gene, which is responsible for
most of the Duchenne and Becker forms of muscular dystrophy. An
analysis through a target gene panel was performed in patients with-
out a diagnosis after these initial steps. The target gene panel was per-

formed in the Laboratory of Neurogenetics and Neuroscience of
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Giannina Gaslini Institute (Genova) and included 20 different genes
associated with metabolic myopathies or with limb-girdle muscular
dystrophy (LGMD) (AGL, ENO3, GAA, LAMP2, LDHA, PFKM, PGAM2,
PGK1, PGM1, PYGM, ACADVL, CPT2, LPIN1, ANO5, LMNA, CAPNS,
FKRP, FKTN, CAV3, and RYR1).

The AmpliSeq/lon Torrent PGM technology was used to perform
the NGS study, with the minimum fraction of targeted regions set at
95% to be covered by at least 20x. The median coverage was 300x.
After the removal of duplicates, the paired-end reads were mapped to
the reference human genome sequence (GRch37/hg19) using I10On
Reporter and CLC Bio Genomics Workbench 7.5.1 software (CLC Bio,
Aarhus, Denmark). Single-nucleotide polymorphisms (SNPs) and short
deletion or insertion (indels) variants were called with CLC Bio Work-
bench software using a specific variant calling plugin and dbSNP147
databases. The validation of variants was performed using Sanger
sequencing. In selected cases, to exclude gene microdeletions/
duplications, multiplex ligation probe amplification (MLPA) was per-
formed for specific genes (CAPN3 and GAA). Standards and guidelines
for the interpretation of sequence variants were used.*°

Based on the results, we re-evaluated the muscle biopsy slides of
patients who had previously undergone muscle biopsy. The specimens
were examined with routine staining (hematoxylin and eosin; modified
Gomori trichrome; cytochrome c oxidase; succinate dehydrogenase;
reduced nicotinamide adenine dinucleotide [NADH] dehydrogenase;
adenosine triphosphatase at pH 104, 4.6, and 4.3; periodic acid-Schiff;
and Sudan) and reactions to myoadenylate deaminase, myophosphorylase,
and phosphofructokinase. An immunofluorescence analysis was per-
formed using antibodies against dystrophin (Dys 1, 2, and 3), sarcoglycans,
a-dystroglycan, collagen VI, caveolin, dysferlin, and merosin.

All patients or their parents or guardians provided written
informed consent, and the study was approved by the local ethics
committee.

3 | RESULTS

This study included 83 patients, 28 (34%) of whom were females. All
patients were ltalian (except for 1 man of African origin) and between
16 and 71 years of age (median age, 38.5 + 16.8 years).

Forty-five patients (54%) had previously undergone a muscle
biopsy, which did not lead to a definitive diagnosis. Thirty-eight
patients (46%) were new patients who underwent examinations based
on the established protocol after being referred.

We found that 36% of the patients were affected by isolated
hyperCKemia (n = 30), whereas the others had hyperCKemia associ-
ated with mild signs of muscle involvement, including mild muscle
weakness (n = 9, 11%), rhabdomyolysis (n = 7, 8%), rippling (n = 1,
1%), or other symptoms, such as myalgia, cramps, exercise intolerance,
or “second-wind” phenomenon (n = 36, 43%). Further, the hyper-
CKemia was mild in 35%, moderate in 39% and severe in 26%. On
average, our patients had hyperCKemia for at least 10 years. Patients’
demographics, clinical phenotypes, muscle biopsy results, and genetic

findings are presented in Table S1.

Through the electrodiagnostic studies, one patient who was
affected by axonal neuropathy was identified and excluded from fur-
ther investigations, leaving our cohort with 82 patients. Needle EMG
revealed alterations suggestive of myopathy in 31 patients (38%),
whereas findings were normal in the remaining patients. A blood-
based GAA enzyme assay showed reduced activity in two patients,
which was later confirmed by GAA gene sequencing, leading to a diag-
nosis of late-onset Pompe disease in both patients. Through the first
set of genetic tests, we identified a female patient carrying the
Duchenne/Becker muscular dystrophy gene, three male patients car-
rying pathogenic variants in the DMD gene, and a patient with DM2.
Thus, our first step in the investigation allowed for the diagnosis of
seven patients with well-known muscle diseases.

In the remaining 75 patients, we performed a massively parallel
sequencing analysis with our target panel. A conclusive genetic diag-
nosis was reached in 18 patients (24%): ANO5 pathogenic variants
(n = 8) including isolated hyperCKemia (n = 2), myalgia (n = 2), rhab-
domyolysis (n = 2), exercise intolerance (n = 1), and mild muscle
weakness causing anoctamin 5-related LGMD (LGMDR12) (n = 1);
rippling muscle disease due to a CAV3 pathogenic variant (n = 1);
McArdle disease (n = 3); carnitine palmitoyltransferase 2 (CPT2) defi-
ciency (n = 1); very long-chain acyl-CoA dehydrogenase (VLCAD)
deficiency (n = 2); and RYR1 pathogenic variants (n = 3). One of the
patients with a VLCAD deficiency was diagnosed because he was
found to be a carrier of two variants of the ACADVL gene: one patho-
genic variant and one variant of uncertain significance (VUS) predicted
to be likely pathogenic. As the patient's clinical history was consistent
with a VLCAD deficiency, the patient was considered to have been
diagnosed.

No variants were found in 24 patients, and at least one VUS was
found in 33 patients. Among these patients, 12 were found to be car-
riers of a heterozygous pathogenic variant in a recessive gene
(6 CAPN3, 1 ACADVL, 1 ANO5, 1 GAA, and 1 FKTN), and two were car-
riers of two pathogenic variants in two different recessive genes
(CPT2 and ANO5 and ENO3 and ANOS). The variants are listed in
Table S1. Thus, our protocol enabled us to reach a diagnosis in
25 patients, with a global detection rate (DR) of 30%. The distribution
of positive diagnostic results is graphically summarized in Figure 2.

We found no differences in DR (29% vs 31%) between patients
who developed hyperCKemia during childhood to adolescence
(<18 years of age, n = 31) and those who developed hyperCKemia
during adulthood (218 years of age, n = 51).

When we evaluated the DR in relation to the severity of hyper-
CKemia, we observed a low diagnostic yield in patients with mild
hyperCKemia (CK of <5x ULN, n = 29, DR = 14%). No differences in
the DR were observed in patients with either severely (n = 21,
DR = 48%) or moderately (n = 32, DR = 34%) elevated CK levels.
The DR was higher in patients with altered EMG (n = 31, DR = 42%)
than in patients with normal EMG (n = 51, DR = 24%). Among these
patients, the DR was higher in those with severe hyperCKemia
(Figure 3). No difference in the DR was evident in patients who pres-
ented with mild muscular signs or symptoms compared with those

who presented with isolated hyperCKemia (33% vs 27%). However, in
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the subgroup of patients with mild muscle weakness, DR increased
to 44%.

Previous muscle biopsies were performed in 45 patients and
revealed nonspecific signs of myopathy (fiber size variability, dege-
nerating fibers, intrafibral vacuoles, and increased connective tissue)
in 32 patients and normal findings in the remaining 13 patients.
Among the patients who previously underwent a muscle biopsy, a
final diagnosis was established in 11 patients through genetic analysis:
ANO5 pathogenic variants (n = 3) and VLCAD deficiency (n = 1)

DMD
16%

ACADVL
8%

RYR1
12%
CAV3
4%
PYGM
12%

ANOS5
32%

FIGURE 2 Distribution of diagnostic results. A diagnosis was
achieved in 25 patients (30%): Pompe disease (n = 2); pathogenic
variants of DMD (n = 4); a female patient who was a carrier and three
patients with Becker muscular dystrophy), DM2 (n = 1), ANO5
pathogenic variants (n = 8), rippling muscle disease (n = 1), McArdle
disease (n = 3), CPT2 deficiency (n = 1), VLCAD deficiency (n = 2),
and RYR1 pathogenic variants (n = 3). Abbreviations: CPT2, carnitine
palmitoyltransferase 2; DM2, myotonic dystrophy type II,

VLCAD, very long-chain acyl-CoA dehydrogenase

Patients with myopathic discharge
10

diagnosis no diagnosis diagnosis no diagnosis

CK <5x CK 5<x<10

diagnosis

among patients with normal muscle biopsy findings, and ANO5-
related myopathies (n = 2), Pompe disease (n = 1), RYR1 pathogenic
variants (n = 2), VLCAD deficiency (n = 1), and DMD pathogenic vari-
ants (n = 1) among patients whose biopsy revealed nonspecific signs
of muscle damage. In the last patient, the muscle biopsy was per-
formed in 2012 and showed only nonspecific signs of myopathy. After
analyzing the genetic results, the specimens were re-evaluated using
more specific antibodies, and a Western blot revealed a reduction in
the dystrophin-related protein complex levels. The diagnosis of a
patient affected by late-onset Pompe disease was missed despite hav-
ing undergone a previous muscle biopsy. The re-evaluation of the
biopsy specimens in the two patients carrying pathogenic variants in
RYR1 revealed the presence of corelike areas with NADH staining.
Cores are typical of RYR1 mutations but are not a specific and
exclusive finding; thus, the muscle biopsy in these cases was not
considered diagnostic.

Among the 38 patients who did not undergo a muscle biopsy, we
established a diagnosis in 14 patients (36%): pathogenic variants in
dystrophin (n = 2, male patients)) DMD mutation (n = 1, female
patient), DM2 (n = 1), CPT2 deficiency (n = 1), ANO5 pathogenic vari-
ants (n = 3), ring muscle disease due to CAV3 mutations (n = 1),
McArdle disease (n = 3), Pompe disease (n = 1), and RYR1 pathogenic
variant (n = 1). In these patients, we could easily establish a diagnosis
with the help of a muscle biopsy (eg, McArdle disease or DMD muta-
tions). At the time of this writing, none of the patients who were
undiagnosed underwent a subsequent muscle biopsy.

4 | DISCUSSION

Our study has introduced an algorithm for diagnosing hyperCKemia
with the aim of improving the diagnostic yield in patients with this
condition.

The initial steps of our protocol were focused on excluding

Pompe disease, pathogenic deletions in DMD, and DM2. These

FIGURE 3 Diagnosis of patients with
myopathic discharges and evaluation of
the different severity levels of
hyperCKemia. The abscissa represents
patients with myopathic discharges
subdivided based on the hyperCKemia
severity. Ordinates represent the number
of patients. The black columns represent
patients without a diagnosis, and the gray
columns represent the diagnosed patients

no diagnosis

CK >10x
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conditions are relatively common, easy to diagnose with DBS in the
case of Pompe disease, and, most importantly, potentially missed dur-
ing the massively parallel sequencing analysis, which does not reliably
detect large deletions/duplications or nucleotide repeat expansions.”
In addition, the most common GAA pathogenic variant is the splice
site mutation, c.-32-13T>G,3! which can also be missed in a routine
NGS analysis. Vacuoles and glycogen accumulation in both juveniles
and adults with Pompe disease may not be prominent and could easily

be missed?

in a muscle biopsy, as happened in one of our patients.
Indeed, with our screening process, we identified two patients with an
a-glucosidase defect successively confirmed by polymerase chain
reaction (PCR) Sanger sequencing of the GAA gene, three patients
with a DMD pathogenic variant, one female patient who was a DMD
carrier, and one patient with DM2. Interestingly, this last patient had
normal EMG findings, thus highlighting that this disease is probably

underdiagnosed3334

and should be evaluated even when myotonia is
not evident.

Overall, the combination of targeted PCR sequencing, MLPA, and
massively parallel sequencing in the entire cohort enabled us to reach
a molecular diagnosis in one third of our patients within the first year
of follow-up (25 diagnoses in 82 patients). It is important to highlight
that the target panel approach alone would have been less effective,
only enabling a diagnosis in 18 patients (24%).

Two studies evaluated the role of a target panel in the diagnosis
of hyperCKemia. Wu®® evaluated the diagnostic value of a target
panel in a population of patients with muscle weakness (n = 135),
rhabdomyolysis (n = 18), or asymptomatic hyperCKemia (n = 16).
Both pathogenic and likely pathogenic variants were considered in
the calculation of a DR of 36.09%, which is similar to our results.
ANOS5-related myopathies were the most common diagnoses. More

17 described the role of NGS in patients with

recently, Rubegni et a
undiagnosed asymptomatic hyperCKemia (n = 34) or mildly symptom-
atic hyperCKemia (mild limb-girdle muscle weakness [n = 19] and
occasional exercise intolerance and myalgia [n = 13]). A diagnosis was
reached in 33 patients (50%), among whom 11 harbored a pathogenic
variant in the RYR1 gene. Both of the studies just noted highlighted
the efficacy of a target panel in establishing a diagnosis, whereas our
report showed its role in combination with other genetic techniques
as part of a diagnostic algorithm.

The size of our target panel, comprising 20 genes, is a limitation
that could be overcome by a larger target gene panel, but cost-
effectiveness and time-efficiency make targeted sequencing panels an
effective approach as the first-line screening process for studying
heterogeneous disorders, such as muscle diseases.!? Interestingly,
Thuriot et al?? recently compared the use of target gene panel testing
and exome sequencing in patients with suspected muscle disorders
from outpatient clinics. They noted that, in comparison with gene
panel testing, exome sequencing resulted in a lower risk of missed
diagnoses, while potentially increasing the diagnostic yield. At the
same time, they found that almost half of the diagnoses were based
on a few genes (DMD, RYR1, CAPN3, PYGM, DYSF, and FKRP),
suggesting a role for target gene panels as a first-line approach. Alter-

natively, whole exome sequencing, followed by filtering for defined
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genes, could be a valid strategy.2>3¢ An important limitation is that
the DMD gene was not included in our target gene panel, potentially
missing rare DMD point mutations causing isolated hyperCKemia.®”-38
Moreover, it must be noted that gene panels must be periodically
updated due to the frequent identification of novel causative genes.*’

In our analysis, the most frequent pathogenic variants were in the
ANOS5 gene, which were identified in eight patients. This finding is in
line with those in previous reports, according to which ANO5-related
muscle diseases frequently manifest in patients with a long-standing
history of hyperCKemia without muscle weakness and commonly pre-
sent in association with exercise intolerance, myalgia, and, more

4041 i addition to the muscle

rarely, episodes of rhabdomyolysis,
biopsy not showing specific pathological signs.*?

Three patients presented with a pathogenic RYR1 variant, further
confirming the frequency of this disorder in hyperCKemia patients.!”
All the RYR1 pathogenic variants identified in our study have been
associated with malignant hyperthermia.*>*> None of our patients
developed malignant hyperthermia, but they are still at risk.

We found single causative variants in recessive genes in 16% of
patients (12 of 75 patients who underwent panel analysis), which is also a
common finding.** In such patients, further genetic investigations are
warranted to exclude the presence of a hidden variant in the second
allele. In this group, CAPN3 was the most frequently mutated gene (42%),
as seen in six patients. MLPA was performed for the CAPN3 gene in all
the patients with a single variant and yielded negative results. Autosomal
dominant transmission has been described for CAPN3-related myopa-
thy***° Interestingly, one of the pathogenic variants identified

(c.1706 T>C) was recently described by Gonzalez-Mera et al*®

as a cause
for dominant calpainopathy. However, our patient (patient number 59)
did not have a family history compatible with autosomal dominant trans-
mission and had not yet undergone a muscle biopsy analysis to investi-
gate calpain-3 expression; therefore, at present, he remains undiagnosed.
Even if several studies suggested that carriers of single heterozygous
pathogenic variants in genes associated with autosomal recessive
(AR) disorders can present with milder forms of the disease, further epide-
miological and genetic studies on larger populations are required.>®

One of the pitfalls of the massively parallel sequencing approach
is the high prevalence of VUSs. Most VUSs are variants that have not
been previously reported or have been reported less frequently but
without established pathogenicity studies. VUSs were found in 28%
(n = 21) of the patients evaluated with parallel sequencing tests
(n = 75) and were mostly in the RYR1 gene (40%). This gene is highly
polymorphic and the list of associated variants continues to grow’?;
these variants could be common in hyperCKemia cohorts.2” However,
given that the role of these variants is still unclear, all cases involving
VUSs were considered unsolved.

The high prevalence of VUSs and single heterozygous pathogenic
variants in AR genes highlights the importance of further investiga-
tions. Of note is that two of the three patients with pathogenic vari-
ants of RYR1 were found to have core areas in the muscle biopsy
specimens after careful reanalysis of the muscle sections. In this con-
text, muscle biopsy could be used to establish the pathogenicity of

new variants.*3



GEMELLI ET AL.

@ | WILEY &NERVE

Historically, muscle biopsies have played a fundamental role in the
diagnostic algorithm for elevated CK levels. According to Morandi
et al,>? patients with asymptomatic hyperCKemia should be evaluated
by first excluding systemic disorders and performing an electrodiag-
nostic study. Muscle biopsy is recommended after these steps. In our
protocol, we performed a target genetic analysis before muscle biopsy.
However, our protocol could lead to missed mitochondrial myopathies,

which can present with isolated hyperCKemia,>>4

or atypical inflamma-
tory myopathies, such as anti-3-hydroxy-3-methylglutaryl coenzyme A
reductase (HMGCR) myopathy, which can be present with an asymp-
tomatic elevation of CK for several years before the appearance of
weakness.”> Therefore, we believe that a muscle biopsy should always
be performed in unsolved cases or to confirm new pathogenic variants
or validate candidate genes.>

In our patient cohort, there were no differences in the DR with
regard to the age of onset of hyperCKemia (childhood or adolescence
vs adulthood); this finding differs from the expected finding according
to the EFNS guidelines, which suggest a higher probability of diagno-
sis in younger patients.2® However, the fact that the two groups were
not equally represented, as the number of adults was larger, could
have influenced our results.

According to Prelle et al,®”

the probability of establishing a diag-
nosis in patients with hyperCKemia is positively associated with nee-
dle EMG results (P < .05; odds ratio = 2.9). Similarly, in our study, the
DR in patients with EMG signs of myopathy was higher than that in
patients with normal EMG results. Moreover, among these patients,
the DR was higher in those with severe hyperCKemia. This observa-
tion supports the application of extensive genetic analyses, particu-
larly in patients with a severe increase in CK levels and EMG
abnormalities. The nerve conduction study was as important as a
screening investigation, because it enabled us to identify a patient
with neuropathy who needed to undergo a different diagnostic
process.

In this study, we have described our diagnostic algorithm for
asymptomatic or mildly symptomatic hyperCKemia, which enabled us
to establish a diagnosis in approximately one third of our patients.
The steps presented in the flowchart improved the efficacy of focused
massively parallel sequencing in the diagnostic process for muscle

diseases.
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