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Abstract

Background To evaluate the prevalence of cardiac involvement in patients with congenital myopathies and the association
to specific genotypes.

Methods We evaluated patients with physical examination, electrocardiogram, echocardiography, and 48-h Holter monitor-
ing. Follow-up was performed for major events.

Results We included 130 patients, 55 men (42%), with a mean age of 34 + 17 years. A genetic diagnosis was established
in 97 patients (75%). Right bundle branch block was observed in three patients: 2/34 patients with a ryanodine receptor
1 (RYRI) and 1/6 with a tropomyosin two gene (TPM?2) gene mutation. Echocardiography showed left-ventricular hyper-
trophy in five patients: 2/17 and 3/34 patients with a Dynamin 2 (DNM2) and a RYRI mutation, respectively. One patient
with a myosin heavy-chain (MYH7) mutation had dilated cardiomyopathy and heart failure. On Holter monitoring, frequent
ventricular premature contractions were observed in one patient with a DNM2 mutation. Two patients with a 7TPM2 and a
RYR1 mutation, respectively, had a single short run of non-sustained ventricular tachycardia. Atrioventricular nodal re-entry
tachycardia was observed in a 20-year-old man with an actin 1 gene mutation. During follow-up (median 8.4 years), four
patients died, all of non-cardiac causes.

Conclusion Congenital myopathies are generally associated with a mild cardiac phenotype. Our findings substantiate the
literature and indicate that, except for patients with specific genotypes, such as MYH7 and TTN mutations, repeated cardiac
assessments can be minimized, given a normal initial cardiac screening at time of diagnosis.
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Congenital myopathies (CM) are a group of inherited
neuromuscular diseases with early onset and substantial
phenotypic, genetic, and histological variation [15]. The
prevalence is estimated to be one in 26,000-28,000, with
mutations in RYRI (encoding ryanodine receptor 1) being
the most prevalent (= 1 in 90,000) [3]. Historically, the diag-
nosis of CM was based on demonstration of characteristic
histopathological features in muscle, but molecular genetic
advances have shown that one histological feature can be
associated with multiple genotypes and vice versa [17, 22,
48].

Clinically, CMs are characterized by hypotonia and weak-
ness, usually from birth, with a static or slow progressive
clinical course [17, 32]. Patients typically present with facial
weakness, generalized hypotonic posture, proximal muscle
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weakness, and dysfunction of the respiratory and bulbar
muscles [17, 32, 38]. Severity of symptoms varies widely,
from neonates with generalized and life-threatening weak-
ness to older patients with subtle proximal muscle weakness.

Cardiac involvement in CM has only been sparsely
reported [17, 32]. However, hypertrophic [8, 27, 30, 41],
dilated [1, 14, 29, 31, 42] and left-ventricular non-compac-
tion cardiomyopathy [11, 40] as well as sudden death [24]
have been described, mainly in infants. The existing litera-
ture relies on smaller studies often restricted to specific CM
genotypes and a systematic cardiac assessment has not been
performed in the existing larger cohort studies [3, 9, 10, 22,
44]. Therefore, knowledge about the association between
cardiac involvement and genetic subgroups of CMs is sparse.

We describe the prevalence and types of cardiac involve-
ment in 130 patients with CM and the association with
specific genetic mutations. In addition, follow-up was per-
formed for major evens (sudden cardiac death, cardiac, and
all-cause mortality).

Methods
Study design

The study was conducted at the Departments of Cardiology
and Neurology at Copenhagen University Hospital, Rig-
shospitalet, Copenhagen, Denmark, and at Petié Salpétriére
Hospital, Paris. The study was approved by the regional sci-
entific ethics committee (reference number H-d-2008-077).

Patients were evaluated with history, physical examina-
tion, 12-lead ECG, trans-thoracic echocardiography, and
48-h ECG monitoring (Holter monitoring). Blood samples
were analyzed for plasma levels of NT-proBNP, creatine
kinase (CK) and myoglobin, and screened for liver, renal,
and thyroid diseases.

We collected follow-up data on all included patients,
exclusively regarding mortality (time and cause of death)
and hospitalization for cardiac causes. Repeated cardiac
assessments were only performed in patients with clinical
significant cardiac involvement.

Study population

All genetically classified patients with CM registered at the
Neuromuscular Clinic at Rigshospitalet and at Petié Sal-
pétriére Hospital were invited to participate. Unclassified
French patients suspected of having CM were not included
as such patients were not systematically registered at the
Paris site.

All participating patients provided written informed
consent. Patients with adult onset, as evidenced by his-
tory and clinical findings, fast progression, creatine kinase
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levels > 600 U/1, dystrophic features as the main histological
finding, or other explanation of disease, were excluded from
the study.

Genetic testing

DNA was isolated from a 6 ml EDTA blood sample using a
standard desalting procedure and the PCR amplified exons of
the genes investigated were sequenced from genomic DNA.
The following proteins and related genes were analyzed:
skeletal muscle alpha actin 1 (ACTAI), amphiphysin (BIN1),
dynamin 2 (DNM2), beta myosin heavy chain (MYH7),
myotubularin (MTM1), nebulin (NVEB), skeletal muscle
ryanodine receptor (RYR1), a-subunit of the skeletal mus-
cle voltage-gated sodium channel (SCN4A ), selenoprotein N
(SEPNI), and tropomyosin2 and 3 (TPM2 and TPM3). The
choice of specific genetic tests was mainly informed by the
presence of suggestive clinical and histopathological fea-
tures and, where available, muscle imaging features. Genes
were analyzed by either single-gene Sanger sequencing or by
next-generation-sequencing technique, using either a gene
panel or exome approach [48].

In this manuscript, we use the term “mutation” about the
genetic variations that categorize the specific subgroups,
as these mutations are either previously described, well-
established disease-causing genetic variants or assumed
disease-causing genetic variants (predicted by various in
silico prediction tools).

Electrocardiography

Standard ECG was obtained and the ECG was considered
abnormal in the presence of; atrial flutter/fibrillation (AFL/
AF), other supraventricular tachyarrhythmia (SVT) includ-
ing atrial and re-entry tachycardia, atrioventricular block
(AVB) grades I-III (AVB I: PR interval > 200 ms), right
and left bundle branch block (RBBB/LBBB), and prolonged
QTc interval (>450 ms in men and > 470 ms in women)
using Bazett’s formula (QTc=QT/ \/ RR).

Echocardiography

Echocardiography was performed and the examinations were
obtained and analyzed by a single operator/observer at each
hospital (HP and KW). The examinations were discussed
with other members of the study group in case of uncertainty
or suboptimal image quality. Three consecutive heart cycles
were recorded and images were obtained at a frame rate of
> 60 frames/s.

Two-dimensional parasternal images were used to deter-
mine left-ventricular (LV) cavity dimensions and wall thick-
ness. LV volumes were determined using the biplane Simp-
son model. Left atrial (LA) volume was calculated from the
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biplane area-length method with maximum volume before
mitral valve (MV) opening (LA,,,,) and minimum volume
just before MV closure (LA;,). Volumetric and dimen-
sional measurements of the left ventricle and left atrium
were indexed to body surface area. All volumetric analyses
were performed in accordance with the recommendations
from the European association of echocardiography and the
American society of echocardiography [20]. Left-ventricular
systolic dysfunction (LVSD) was defined as a biplane left-
ventricular ejection fraction (LVEF) <50%.

Holter monitoring

A 48-h Holter monitoring was performed and was consid-
ered abnormal in the presence of: AVB grades I-III, AF/
AFL, other supraventricular tachyarrhythmia (>30 SVES/h
or runs of >20 SVES), frequent ventricular premature con-
tractions (VPCs) (>30/h), and non-sustained ventricular
tachycardia (NSVT) (minimum of three beats at > 100 bpm).
Recordings were evaluated by a single observer at each site
(HP + KW) and discussed in the study group in case of dif-
ficulties in interpretation.

Statistics

Data were analyzed with IBM SPSS Statistics version 22.
Normally distributed values are expressed as means + SD.
Data with skewed distribution are given as median (range).

Categorical variables were summarized by frequency
counts (%). Results of continuous variables are presented
as median (range). Comparison among groups was assessed
using Mann—Whitney U-test. A p value <0.05 was consid-
ered statistically significant.

Results
Study population

We included a total of 130 patients with a mean age of
34 + 17 years, 75 women, mean age 36 + 18 years and 55
men, mean age 31 + 15 years, 57 vs. 73 patients representing
the French and Danish cohort, respectively. Patients were
grouped according to genetic mutation (Table 1). 19 patients
were < 18 years old, range 8—17 years. A genetic diagnosis
was established in 97 patients (75%), while the remaining
33 patients, all originating from the Danish cohort, relied
on a clinical and histopathological diagnosis of CM. Ten
patients refused to participate due to long distances to the
hospital. There was no significant demographic, genetic, or
disease severity differences between these patients and the
remaining study participants.

In patients with RYR I mutations, patients with cardiac
involvement were significantly older than the remaining
patients in this subgroup. There was no significant difference
in age between patients with and without cardiac involve-
ment in the remaining subgroups (Table 2).

Cardiac involvement
Symptoms

The most predominant symptoms were muscular weakness
and fatigability, which, in varying degree, were present in all
patients. In total, three patients (2%) had experienced syn-
cope, and dyspnoea was reported in 16 (16%), palpitations
in 17 (13%), peripheral oedema in 2 (2%), and angina in 5
patients. None of the patients had hypertension.

Biochemistry

Median CK was 96 U/l (range 18-600; normal range:
50-270 U/1), but mildly elevated in 13% of the patients.
Myoglobin was mildly elevated in 25% of the patients. NT-
proBNP was available in 69 (53%) of the patients, all within
normal range [median 9 pmol/l (9-22)] (Table 1).

ECG and Holter monitoring

Cardiac findings are summarized in Table 1.

All patients with abnormal cardiac findings on ECG
and Holter monitoring were asymptomatic, except for one
patient: a 20-year-old man with an ACTAI mutation, who
complained of dyspnoea for the last 6 months. Spirometry
showed a forced vital capacity of 55% of expected, ECG
and echocardiography was normal, but Holter monitor-
ing revealed atrioventricular nodal re-entry tachycardia
(AVNRT) with a maximal frequency of 190 bpm. The
AVNRT was treated successfully with radiofrequency
ablation.

RBBB was present in three patients: a 36-year-old woman
with a RYRI mutation, normal echocardiography, and Holter
monitoring; a 55-year-old woman, also with a RYRI muta-
tion and minimal LV hypertrophy on echocardiography
(interventricular septum and left-ventricular posterior wall
dimensions both measuring 12 mm, no available Holter
monitoring), and a 73-year-old man with a TPM2 mutation
and otherwise normal cardiac parameters.

Abnormal findings on Holter monitoring were present in
the following patients: a 52-year-old woman with a DNM?2
mutation had frequent VPC (8.129 VPCs/48 h), normal
ECG and echocardiography. Two patients (men, aged 62
and 80 years) both with a RYRI mutation, had frequent
SVES (1661 and 8770 SVES/48 h, respectively) and the
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Table 2 Comparison of age according to patients with and without
cardiac involvement

Cardiac involvement ~ No cardiac involve- p value
ment
n Age (years), n Age (years),
mean (SD) mean (SD)

ACTA1 1 20 4 22 (12) 1.00
BIN1 0 46
DNM2 3 53(1) 14 39 (15) 0.12
MTM1 1 25 3 30 (13) 0.66
MYH7 1 44 14 50 (19) 0.32
NEB 2 314) 6 31 (13) 1.00
RYRI1 7 45 (17) 27 33 (14) 0.05
SCN4A 0 1 30
SEPN1 1 23 2 31 (3) 0.22
TPM2 2 56 (17) 4 32 (12) 0.36
TPM3 1 27 (0) 1 22 (0) 0.32
TTN 0 1 13
ucC 13 24 (12) 20 28 (15) 0.5

62-year-old man also had a single short run of NSVT. A
40-year-old asymptomatic woman with a TPM2 mutation,
normal ECG and echocardiography, had a single short run
of NSVT without indication for further investigation or
treatment.

Furthermore, 3/33 patients with unclassified CM had
an abnormal Holter: two patients with SVT (a 41-year-old
woman and a 35-year-old man) and a 32-year-old man with
paroxysmal atrial fibrillation.

None of the patients had AVB grades I-II1I, prolonged
QTc interval, or indication for pacemaker implantation.

Echocardiographic findings

One patient had reduced LVEF: a 44-year-old man, diag-
nosed with CM and a MYH7-mutation (c.5401G > A) at the
age of 36 years. At age 44 years, he was diagnosed with
dilated cardiomyopathy (DCM), LVIDD 74 mm, severe
heart failure (LVEF 29%) and had an ICD implantation for
primary prevention. The patient was later hospitalized for
pulmonary oedema and is currently (age 48 years) awaiting
a heart transplantation. There has been no anti-tachycardia
pacing or shock therapy from the ICD.

The remaining patients had normal right-ventricular func-
tion median (range) TAPSE 22 (16-31 mm), normal left-
ventricular ejection fraction (LVEF >50%), and structurally
and functionally normal valves.

In total, five patients had LV hypertrophy on echocar-
diography: as previously mentioned, a 55-year-old woman
with a RYRI mutation, two patients with DNM2 mutations
with IVS at 12 and 13 mm (two men, 52 and 54-year-old,

respectively); a 38-year-old woman with a RYRI mutation
(IVS 12 and LVPW 15 mm), and a 32-year-old woman with
a RYRI mutation (IVS at 13 mm). The patients had normal
cardiac findings otherwise.

Additional findings

One patient, a 78-year-old man with a MYH7 mutation
(c.5186_5188del) and normal cardiac assessment, had four
family members (two sons, one daughter, and one nephew)
who were diagnosed with the same MYH7 mutation and had
ICDs implanted (two sons after cardiac arrest and the two
remaining patients for primary prevention). Unfortunately,
we have no available cardiac data for these patients.

Follow-up for cardiac and all-cause mortality

During follow-up [median (range) 8 years (0.6-26)], four
patients died; three men (age 13, 25, 70 years) with TTN,
and RYRI mutations and unclassified CM, respectively,
and one woman (age 72 years) with a DNM2 mutation. All
three men died of respiratory insufficiency. The two men,
age 13 and 25 years, had an echocardiography performed at
admission few days prior to death to assess if there was an
underlying cardiac cause to their respiratory insufficiency
and both patients had normal echocardiographic parameters.
There were no available data concerning cause of death in
the 72-year-old woman.

Discussion

In the present study, we systematically investigated a
large cohort of patients with CM, aged 6-80 years (mean
34417 years) for cardiac involvement and the association to
specific genetic mutations. One patient with a MYH7 muta-
tion had DCM, severe heart failure, and an ICD for primary
prevention. The remaining patients had normal left- and
right-ventricular ejection fraction, no clinical significant
valve disease, or indication for ICD- or pacemaker implanta-
tion. During follow-up (median 8.4 years) regarding mortal-
ity, four patients died, all of non-cardiac causes.

RBBB has been shown to associate with a~30%
increased mortality risk mainly due to cardiovascular dis-
ease [5]. The prevalence of RBBB in our cohort was low,
and for men, comparable with a large cohort study of healthy
individuals (men 1.8% vs. 1.4%) [5]. However, compared
with the same study, we found a notably higher prevalence
in women (2.6% vs. 0.5%) [5]. During follow-up, none of
the patients with RBBB developed cardiac symptoms or was
diagnosed with further cardiac involvement. RBBB has not
previously been associated with CM. Therefore, the prog-
nostic value of RBBB in our patients remains uncertain and
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underlines the importance of follow-up of patients with CM
with an abnormal cardiac assessment at time of diagnosis.

Except for one patient with a MYH7 mutation, none of the
patients fulfilled the criteria for DCM or hypertrophic car-
diomyopathy (HCM) or had symptoms and/or signs of heart
failure. In accordance, there are no larger studies reporting
an association between adult CMs and cardiomyopathy or
heart failure. However, HCM and DCM in patients with CM
have been reported in small series or case reports, mainly in
neonates secondary to respiratory insufficiency, and mainly
in patients with nemaline myopathy, often lacking a geneti-
cally verified diagnosis [2, 8, 14, 18, 27-31, 39, 41, 42]. If
cardiomyopathy occurs in patients with CM, independently
of primary respiratory insufficiency, considerations should
include recessive mutations in 77N and MYH?7, which, in
a few cases, have been associated with minicore-like dis-
ease with early development of DCM and HCM, ventricular
arrhythmias, and sudden cardiac death [6, 7, 16, 17, 36, 43,
45, 47, 49]. We included one patient with a 77N mutation; a
12-year-old male with normal cardiac examination at inclu-
sion, who died of respiratory failure less than 1 year after
the cardiac examination.

As mentioned previously, 1/15 patients with MYH7 muta-
tions had DCM and severe heart failure. Mutation in MYH7
is one of the most common causes of isolated hypertrophic
cardiomyopathy [23]. Mutations accounting for the cardiac
or skeletal muscle disorders cluster in different parts of the
protein, where most cardiomyopathy related mutations are
located in the globular head domain, potentially affecting
the binding sites for actin, whereas those related to skeletal
myopathy are usually located in the distal regions of the rod
domain [13, 46]. However, there is a great overlap of pheno-
types as cases with both heart and muscular manifestations
have been described [13].

For several of the disease-causing mutations of CM, other
isoforms of the involved proteins are expressed in adult
human cardiomyocytes, which may explain the mild car-
diac phenotype in patients with CM. RYR] is, for example,
not known to be associated with cardiac disease, as it is not
expressed in adult human cardiomyocytes, whereas RYR2 is
highly associated with catecholaminergic polymorph ven-
tricular tachycardia and SCD [4, 19, 37].

We included only one patient with mutation in SCN4A,
who had no cardiac involvement. Current knowledge about
cardiac involvement in these patients is very limited, but our
findings are in accordance with the first report of this disease
in 12 patients with SCN4A mutations, who all had normal
cardiac parameters [50].

Except for patients with RYR] mutations, patients with
cardiac involvement were not significantly older than
patients without cardiac involvement. The RYRI subgroup
is the largest in this study, and the lack of significance in
age difference between patients with and without cardiac
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involvement in the remaining subgroups may be due to the
small sample size.

Larger studies are needed to explore the association
between functional and clinical expression of the underly-
ing specific mutations in patients with CM.

Our findings are in contrast with the observations in
patients with other neuromuscular diseases, such as Myo-
tonic dystrophy type 1 (DM1), Becker (BMD), and Duch-
enne and certain subtypes of limb-girdle muscular dystro-
phies, which are known to be associated with much more
severe cardiac phenotypes and in whom regular cardiac
follow-up is mandatory [21, 25, 26, 33-35]. In DM1, con-
duction abnormalities and arrhythmias are highly prevalent
and the previous studies report a prevalence of reduced
pump function of ~20%, which is approximately seven times
higher than in the background population [34, 35].

According to The American Heart Association, cardiac
disease in CMs is rare, and given the diversity of clinical
manifestations in the various CMs, there are no evidence-
based data to drive guidelines [12]. The present study sup-
ports this statement, and in line with the recommendations
from AHA, it seems reasonable to perform cardiac evalu-
ation with clinical examination, ECG, Holter monitoring,
and echocardiography at time of CM diagnosis, with fol-
low-up assessments determined by the presence of abnormal
findings on the initial screening or development of cardiac
symptoms [12]. However, in accordance with a recent review
by Jungbluth et al. and our current findings, more regular
follow-up is needed in patients with MYH7 and TTN muta-
tions [17].

In our study, patients with unclassified CM had no signifi-
cant cardiac involvement, indicating that there is no need for
increased cardiac surveillance, although it should be noted
that the review by Jungbluth et al. [17] recommends regular
cardiac monitoring in these patients.

Taken together, we found a very low prevalence of and
mainly only mild cardiac involvement in patients with genet-
ically classified and unclassified CMs. Our findings together
with the existing literature indicate that, with the exception
for patients with specific genotypes, such as MYH7 and TTN
mutations, repeated cardiac assessments can be minimized
in patients with CM, given a normal initial cardiac screen-
ing at time of diagnosis. However, we acknowledge that our
findings need to be confirmed in larger studies.

Strengths and limitations

We systematically assessed a large cohort of patients with
CMs for cardiac involvement and reached a genetic diag-
nosis in 75% of the patients. Although we achieved a high
diagnostic rate, we need to explore the genetic basis for the
remaining unresolved CMs [22]. Nevertheless, it strength-
ens our findings that the cardiac findings are similar in both
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patients with and without a genetic diagnosis, demonstrating
that CMs are generally associated with a mild cardiac phe-
notype. Patients were systematically assessed with conven-
tional non-invasive cardiac modalities (ECG, echocardiog-
raphy, and Holter monitoring), which is commonly sufficient
to detect significant cardiac involvement. However, other
diagnostic tools are more adequate for detecting subtle myo-
cardial changes such as fibrosis and fat infiltration. Strain
rate and tissue velocity by echocardiography and especially
cardiac magnetic resonance (CMR) are potential additive
and sensitive tools for accurate detection of such changes,
which are possible predictive markers of cardiac outcome.
Our study showed that CMs are generally associated with
a mild cardiac phenotype. However, we acknowledge that,
due to the small sample size of several genotypes, definite
conclusions about cardiac involvement cannot be drawn and
stresses the need for larger studies, assessing the associa-
tion between cardiac involvement and specific CM geno-
types. Furthermore, we need to explore the degree of car-
diac involvement in neonates and early childhood as we only
included patients above 8 years of age in this study.

Conclusion

In this study, we found a very low prevalence of and mainly
only mild cardiac involvement in patients with genetically
classified and unclassified congenital myopathies.

Our findings substantiate the literature and indicate that,
except for patients with specific genotypes, such as MYH7
and TTN mutations, repeated cardiac assessments can be
minimized, given a normal initial cardiac screening at time
of diagnosis.
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