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Introduction

Noncompaction cardiomyopathy (NCCM) is characterized by endocardial hyper-
trabeculation of the myocardium of the left ventricle. In 1997 the first genetic cause
for NCCM, a mutation in the X-linked TAZ gene, was identified in a family were six
boys had Barth syndrome with hypertrabeculation of the left ventricle [1]. The link
of familial NCCM to defects in the sarcomere genes that had previously been linked
to the more frequent hereditary hypertrophic (HCM) and dilated cardiomyopathies
(DCM), came in 2007 by the report of MYH7 mutations in NCCM and was followed
by reports of other sarcomere gene mutations in familial NCCM [2, 3].

In NCCM the sarcomere genes are the most prevalent genetic causes. More
recently the introduction of next generation sequencing (NGS), allowing simultane-
ous analysis of panels of 50 or more cardiomyopathy genes, showed that around
35% of NCCM patients have a mutation, and that mutations occur more frequently
in children diagnosed with NCCM than in patients diagnosed as adults [4, 5].

Overall, approximately 50% of NCCM patients are considered to have a genetic
cause [4]. Some because they have inherited a mutation in a cardiomyopathy gene,
other patients have family members with a cardiomyopathy without having a muta-
tion in a known cardiomyopathy gene. In 45% of familial NCCM no mutation can
be identified [4], indicating that many genetic causes for NCCM are still unknown.
Overall around 50% of cases diagnosed today with NCCM have no mutation in a
cardiomyopathy gene or familial disease. In these -mostly adult patients- NCCM
may be attributed to non-genetic, secondary causes for hypertrabeculation.
Alternatively, these cases may have yet unknown (complex) genetic cause(s) carry-
ing small risk for relatives [4]. For NCCM, like for HCM and DCM, it is important
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for relatives of patients to be informed about the increased risk of having a
cardiomyopathy.

For that reason referral of patients diagnosed with NCCM for genetic counsel-
ing, has become common practice [6]. This allows, by taking family histories and
performing DNA testing of the index case, to estimate the risk for relatives to have
NCCM. When there is a mutation, DNA testing for the familial mutation of first
degree relatives is advised, with subsequent cardiologic screening of mutation car-
riers. In NCCM genetic defects may predict risk of having severe cardiac events
(MACE). Some genes, like MYH7, carry lower risk for MACE than other genes. In
this perspective DNA testing may help stratify risk for MACE of patient and rela-
tives and help guide clinical management of genetic NCCM accordingly [4]. For
families of patients without a mutation, cardiologic screening of first degree rela-
tives is recommended, also in absence of a family history of cardiomyopathy,
because we cannot exclude that these patients may have an unknown genetic predis-
position with low penetrance that conveys a small risk to relatives.

The aim of this chapter is to give an overview of the genetic causes for NCCM,
and describe the routine of genetic diagnostics i.e. genetic counseling, DNA testing
and initiating family screening. Illustrating in this way the importance of integrating
genetic diagnostics to clinical management of NCCM patients by conveying appro-
priate information to patients and their families, in order to make early diagnosis
and timely treatment accessible for the families of all NCCM patients.

The Genetics of NCCM

Genetics plays a more important role in some patients with hypertrabeculation of
the left ventricle than in others. Currently three main categories of genetic burden
for noncompaction are recognized (Fig. 8.1). (1) Patients with a genetic
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noncompaction cardiomyopathy. These are the patients with a mutation in a cardio-
myopathy gene and/or relatives with a cardiomyopathy (familial cardiomyopathy).
In genetic NCCM relatives have an increased risk of having a cardiomyopathy. In
45% of familial NCCM no mutation is found, indicating that not all NCCM genes
have been identified yet [4]. The majority of the genes associated with NCCM also
play an important role in genetic hypertrophic (HCM) and dilated cardiomyopathy
(DCM) [7, 8]. For now, there is no explanation how overlapping genetic defects in
these sarcomere genes cause the spectrum of phenotypes ranging from hypertro-
phic, dilated and noncompaction cardiomyopathy. (2) Cardiomyopathy patients
with noncompaction without a genetic cause; in these ‘sporadic’ NCCM cases no
evidence for a genetic cause is found by DNA analysis, and the family history and/
or family screening are uninformative. These patients have similar cardiac outcomes
as genetic NCCM patients. In sporadic patients NCCM may be the result of patho-
logic cardiac remodeling, activated by other (now unknown genetic or non-genetic)
causes leading to hypertrabeculation. In these patients high incidences of left bundle
branch blocks were identified [4]. Also cardiac comorbidities like hypertension may
play a role in these patients [4]. We cannot exclude that apparently sporadic patient
may have defect in a yet unknown cardiomyopathy gene, since not all cardiomyopa-
thy genes have been identified yet. We know that at least one third of the NCCM
patients with a mutation in a cardiomyopathy gene, did not report familial disease,
indicating that negative family history does not exclude a genetic cause [4]. Another
possibility is that a group of apparently sporadic NCCM patients may have variants
in known or unknown cardiomyopathy genes that have insufficient genetic effects
and need additional interaction with other genetic or non-genetic factors to cause
NCCM. (3) Healthy individuals with a benign LV hypertrabeculation; large popula-
tion based studies have reported that LV hypertrabeculation may occur as frequently
as in 43% of the healthy adult population [9]. A higher susceptibility for having
more prominent trabeculations, without features of a cardiomyopathy was reported
in blacks and athletes [10, 11]. The cause might be a genetic or epigenetic regulation
of gene expression or translation, activating similar pathways as mutations in sarco-
mere genes, causing hypertrabeculation without cardiomyopathy. The high inci-
dence of hypertrabeculation supports that the currently used echo and MRI
diagnostic criteria, relying on the ratio between noncompacted and compacted layer
of myocardium, cannot distinguish pathologic noncompaction cardiomyopathy
from benign, sometimes reversible, left ventricle hypertrabeculation without cardio-
myopathy and therefore more sensitive diagnostic criteria are needed.

NCCM Genes

In familial NCCM around 55% of NCCM patients have a mutation, indicating that
the genetic cause has not been found for a large proportion of familial NCCM [4]. In
children and in adult patients the majority of the mutations occur in genes encoding
for proteins of the cardiac sarcomere structure and function (Fig. 8.2) [4]. Less fre-
quent genetic causes for NCCM are defects in genes encoding for intracellular
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signaling, homeostasis and cytoskeletal integrity associated with NCCM [12].
Genetic causes are identified more frequently in patients diagnosed in childhood than
in adults with NCCM [4]. These observations show how little we understand about
the development of the hypertrabeculation, because they suggest that the genetic
effects might involve cardiac development as well as cardiac remodeling at older age.

Genes for Autosomal Dominant Inherited NCCM

Defects in sarcomere genes are the most common genetic cause for NCCM (Fig. 8.2)
[4]. These forms of NCCM have an autosomal dominant inheritance pattern. Patients
(usually) inherited the mutation from one of the parents. Siblings and offspring of
these patients have a 50% risk of having inherited the familial mutation. Reduced
penetrance is a well-known feature of sarcomere mutations in genetic cardiomyopa-
thies [13], meaning that for unknown reasons, around 30% (the percentage may
vary by gene and variant) of the carriers (i.e. relatives with the familial mutation) do
not have a cardiomyopathy. In a small proportion (4%) of the patients the mutation
has occurred de novo [4, 14]. In that case the mutation is not inherited from the
parents and there is no increased risk for siblings, although risk for offspring of hav-
ing the mutations remains 50%. Compound heterozygosity for sarcomere muta-
tions, occurs when a patient inherited a (different) mutation from each parent. This
is not very rare, since sarcomere mutations occur relatively frequently in the popula-
tion [15]. Patients with two sarcomere gene mutations may have more severe clini-
cal features than their relatives with single mutations [16]. In NCCM the most
frequent genetic causes (71%) are defects in sarcomere genes: MYH7, TTN and
MYBPCS3. Less frequently (11%) affected are the other sarcomere genes: ACTCI,
LDB3, TNNC1, TNNI3 and TNNT2. Rare genetic causes are the other autosomal
dominantly inherited cardiomyopathy genes CASQ2, HCN4, KCNH2, KCNQI,
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RYR2 and SCN5A, involved in ion transport and genes affecting other cardiomyo-
cyte functions or structure like, CSRP3, DSP, LMNA, MIBI, MIB2 and PLN [4, 5],
occurring altogether in approximately 6% of the patients.

Genes for X-linked Inherited NCCM

Defects of genes on the X chromosome affect only males and are inherited in an X
linked pattern. With this type of inheritance sons of unaffected female carriers have
50% risk of being affected. Daughters of patients or of female carriers have 50%
risk of being an (unaffected) carrier and transmitting the trait to their sons. Barth
syndrome is caused by defects in the 7AZ gene on the X chromosome. Among the
other X-linked causes for NCCM are some genes causing neuromuscular disorders,
DMD, EMD, FHLI, GLA, LAMP?2,and rare neurodevelopmental disorders caused
by mutations in the NONO, and RPS6KA3 genes [17].

Genes for Autosomal Recessive Inherited NCCM

Recessive inherited NCCM is rare and was reported in single childhood cases with
inborn errors of metabolism, related to a FKTN or SDHD mutation [18, 19].

Mitochondrial Defects and NCCM

Mitochondrial disorders are caused by defects in the mitochondrial (Mt) DNA or by
a defect in nuclear DNA genes encoding for structures of the mitochondria. Defects
in Mt genes are passed on cytoplasmatically in germ cells from mother to child.
Defects in nuclear genes have dominant, recessive or X-linked inheritance pattern.
Mutations in genes affecting the mitochondrial functioning lead to insufficient
energy production required in various organs, particularly those with high energy
demands, like the central nervous system, skeletal and cardiac muscles. These dis-
orders present with a wide spectrum of clinical features including cardiomyopathy,
visual impairment, deafness, stroke, epilepsy and diabetes. Mt. genes linked to
NCCM are MT-ATP6, MT-ATPS, MT-CO1, MT-CO3, MT-CYB, MT-ND1, MT-ND2
and MT-ND6 [20, 21]. Nuclear genes coding for the mitochondria linked to NCCM
are DNAJC19, GARS, HADHB, MIPEP, MTFMT and NNT [22]. To find Mt gene
defects a specific analysis of the Mt DNA and nuclear DNA is needed, since these
genes are not routinely sequenced in NGS cardiomyopathy gene panels.

Chromosomal Defects

A number of chromosomal deletions and duplications have been associated with
NCCM. These chromosomal defects are usually identified in children. Because they
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affect multiple genes they lead to complex congenital malformation syndromes.
The 1p36 deletion syndrome is frequently reported presenting with NCCM, intel-
lectual disability, delayed growth, hypotonia, seizures, limited speech ability, hear-
ing and vision impairment and distinct facial features [23]. Other chromosome
anomalies linked to NCCM are deletions of 1q, 5q35, 7p21, 8p23.1, 22ql1 and
Xq28 [24]. In addition NCCM has been observed in monosomy X (Turner syn-
drome) and trisomy 13, trisomy 18, trisomy 21 and trisomy 22 patients [25]. To
detect a small chromosome anomaly, an array analysis has to be performed, since
these defects are not recognized by NGS sequencing of cardiomyopathy genes.

Genetic Counseling and Genetic Diagnosis of NCCM

Genetic counseling is recommended for all patients fulfilling diagnostic criteria for
NCCM to perform DNA analysis and detect familial disease. This information is
needed to estimate risk for relatives, convey information on the risks to index cases
and their families and subsequently initiate family screening. Like in HCM and
DCM family screening for NCCM is recommended because it allows accurate and
timely diagnosis of NCCM improving prognosis of patients in the family. To initiate
genetic diagnostics for NCCM, index patients are counseled about the consequences
of the results of DNA testing, and an informed consent for DNA testing is requested.

Genetic counseling involves communicating the goal of genetic testing and the
explaining the importance of informing family members. Genetic counselors are
trained to explain the clinical features of the disease and the inheritance pattern, to
the index case and organize informing and screening family members. Genetic
counseling has grown out of the need to personalize scientific information and to
translate it into a user-friendly language that is accessible intellectually and emo-
tionally for the patient and its family. Helping index cases and their relatives—if
necessary-to handle the information on heredity, and discuss the subsequent risks
and consequences, is an important part of the process of genetic counseling. The
routine for genetic diagnosis and family screening for NCCM is summarized in
Fig. 8.3. It is hereby the role of the genetic counselor to identify and help, during
pre- and post-test counseling, coping with adverse feelings that some patients or
relatives may experience like distress, anxiety or guilt, evoked by the possibility of
a genetic cause for NCCM [26]. It is important, in particular for asymptomatic rela-
tives, to discuss that having a genetic risk and having a choice of predictive testing,
whether by DNA analysis or cardiologic exam, may have medical implications, as
well as psychological and socio -economic consequences. The genetic counselor
may offer access to specialized psychologic support when needed by families.

Family History
At the departments of clinical genetics information on the occurrence of cardiomy-

opathies in the family of NCCM patients is obtained, and medical records of affected
relatives are retrieved for verification of the diagnosis, when possible. Family
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history taking helps to determine if cardiomyopathy is familial and to identify the
mode of inheritance [27]. It is importance to acknowledge that an uninformative
family history cannot completely exclude a genetic cause for NCCM. Because
around 20% of NCCM patients without affected relatives had a mutation [4]. The
reasons for underreporting of familial cardiomyopathy might be that affected rela-
tives might not have been diagnosed with NCCM. It is known that approximately
30% of the NCCM patients have a cardiomyopathy without the typical symptoms of
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cardiomyopathy at time of diagnosis [28]. Also, like in HCM, non-penetrance
occurs in around 30% of the carriers of a familial (sarcomere) mutations and these
carriers do not have a cardiomyopathy [28]. Another explanation for underreporting
familial disease may be that family histories are not informative when families are
small or patients have little information on relatives. Important questions when tak-
ing a family history for the purpose of establishing whether there is a familial car-
diomyopathy is asking if relatives have had heart failure, arrhythmias, accidental or
unexpected deaths, thromboses (including stroke), any kind of cardiac surgery, or if
they had a congenital heart defect or neuromuscular disease. When family screening
is performed the family histories are adjusted according to the results of the DNA
and cardiac screening of relatives.

DNA Testing for NCCM

The purpose of DNA testing—irrespective of the age of the patient—is to identify
the genetic cause for NCCM [4, 5]. An important aspect of DNA testing is that find-
ing a mutation allows asymptomatic relatives to have a predictive DNA test that
identifies accurately which relatives have a mutation and have an increased risk of
developing a cardiomyopathy. In this way identifying the causative mutation facili-
tates genetic cascade screening. In families with a mutation, relatives who do not
carry the familial mutation can be excluded from regular cardiac follow-up and can
be reassured that there is no increased risk for their offspring. DNA testing may help
to confirm the diagnosis for patient with borderline features of NCCM. In addition
as we have shown recently, the genotype (specific genetic defect) may help to pre-
dict risk for ventricular systolic dysfunction and major cardiac adverse events for
patients and guide clinical management accordingly [4], as discussed in more detail
in the paragraph on genotype-phenotype correlations.

NGS Cardiomyopathy Gene Panels

Since a large number of genes are involved in NCCM, the application of novel
methods of DNA analysis like NGS and exome based testing has been proven to
improve the yield of genetic testing with the simultaneous analysis of panels with
large numbers of cardiomyopathy genes [3]. Current cardiomyopathy gene panels
used in diagnostic and commercial laboratories may include the following genes:
ABCC9, ACTC1, ACTN2, ANKRDI, BAG3, CALR3, CRYAB, CSRP3, DES, DMD,
DSC2, DSG2, DSP, EMD, GLA, JPH2, JUP, LAMA4, LAMP2, LDB3, LMNA,
MYBPC3, MYH6, MYH7, MYL2, MYL3, MYPN, MYOZI, MYOZ2, PKP2, PLN,
PRKAG2, RBM20, RYR2, SCN5A, SGCD, TAZ, TCAP, TMEM43, TNNCI,
TNNI3, TNNT2, TPM1, TTN and VCL (in bold the genes that were associated so
far with NCCM). These genes encode proteins constituting structure and function of
the sarcomere, cytoskeleton, desmosome, ion channels or nuclear lamina, and pro-
teins participating in Ca2+ handling during contraction phase of action potential of
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the cardiomyocyte or affecting cardiac energy metabolism and are related to a large
spectrum of cardiomyopathies. In case a cardiomyopathy gene panel is not avail-
able, DNA testing for NCCM of a smaller number of genes including MYH7,
MYBPC3 and TTN, which have a large proportion of the genetic defects in NCCM,
is advised.

Gene Variant Classification System

For a correct interpretation of the results of DNA analysis stringent novel guidelines
for classification of genetic variants are applied since 2015 [29]. The outcome of
DNA analysis for clinical purpose are currently classified into pathogenic variants
(PV), likely pathogenic variants (LPV), variants of unknown clinical significance
(VUS), likely benign or benign variants. This classification system for variants is
based on in silico prediction of pathogenicity, population frequencies and previous
reports providing (functional) evidence of the pathogenic nature of the specific vari-
ants [30]. Variants classified as PV or LPV in sarcomere genes are usually nonsyn-
onymous substitutions or deletions of a nucleotide classified as missense, nonsense,
or frameshift mutations and have a deleterious effect on the protein. Older results of
DNA testing should be re-evaluated, because some of the variants previously
reported as (pathogenic) mutations may now be reclassified as not pathogenic.
Application of novel classification system to a large number of variants in sarco-
mere genes in NCCM patients showed recently that 50% of variants previously
reported to be pathogenic, were reclassified as VUS or benign variants [31].
Similarly a large proportion of variants reported previously as mutations in sarco-
mere genes in HCM patients, were reclassified recently as VUS or benign variants
[32]. This endorses that the continuous surveillance of variant classification is
needed, because new evidence on DNA variants like population frequencies, results
of novel functional tests or in silico predictor tools comes out [33]. DNA testing of
pre-symptomatic family members is only indicated when there is a PV or LPV in
the family. Since the effect of VUS is not known, these variants cannot reliably
predict risk for NCCM in relatives and therefor these variants are not of used for
family screening.

DNA Testing of NCCM Patients with CHD, Neuromuscular Disease
or NCCM with Multiple Congenital Anomalies Syndrome

Around 10% of NCCM patients have a concomitant congenital heart defect [34].
Some families with NCCM and Ebstein anomaly, have a mutation in MYH7 [35].
There is little evidence that the combination of NCCM with other forms of CHD
segregate in families or are caused by specific genetic defects. Thus it remains
unknown if there are common (epi)genetic causes affecting embryologic cardiac
development explaining the co-occurrence of NCCM and CHD, or that they co-
occur by coincidence. NCCM in some patients represent cardiac manifestations
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of inherited neuromuscular disorders, for which specific diagnostic gene panels
need to be requested since these genes are usually not included in the regular
cardiomyopathy gene panels [36]. Also NCCM patients with multiple congenital
malformations, usually children, need additional DNA testing and/ or chromo-
some analysis (array). According to clinical features, that may include screening
for mitochondrial defects or metabolic disorders occurring predominantly in
childhood NCCM.

Family Screening
Risk for Cardiomyopathy in Relatives

Overall affected relatives of NCCM patients have less severe cardiac features than
the index cases, and relatives of index cases with a mutation have more risk of hav-
ing a cardiomyopathy than the relatives of cases without a mutation. Because, at
diagnosis affected relatives have usually less attenuated cardiac symptoms than the
index case, independent of age at diagnosis, since most relatives are asymptomatic
[28]. And some of the index cases without a mutation may have a non-genetic,
secondary cause for NCCM, with lower risk for relatives. The risk for relatives of
having a cardiomyopathy is furthermore related to the genetic defect in the index
case, the mode of inheritance, the gene specific penetrance and—chance of having
asymptomatic disease. These factors and also the age at diagnosis of the index case
may help to determine the genetic risk for relatives. Also family history of cardio-
myopathy or sudden cardiac death in the family may add information about the
genetic risk for relatives. It is important for relatives to know that carriers of a
familial mutation may have no signs of cardiomyopathy at cardiologic examina-
tion. Non-penetrance was observed in 17% of carriers of familial MHY7 mutations,
33% of carriers of MYBPC3 and 28% of carriers of TTN mutations [28]. Intra-
familial variability of cardiac features is a well-known feature of familial cardio-
myopathies. The left ventricle (LV) dimension of the NCCM index case may be a
predictor for disease severity in relatives. The dimension of the LV in NCCM rela-
tives corresponded significantly with the LV phenotype of the index case. In addi-
tion, since the LV dimension in NCCM patients was related to the course of the
disease, the LV function may predict severity for relatives. Patients with NCCM
and normal LV-dimensions had a mild course of the disease, with less frequent
LV-systolic dysfunction or cardiac events. Patients with NCCM with a dilated
LV-dimensions (like in DCM), had a more severe disease course with frequent
LV-systolic dysfunction and adverse events. In the families of NCCM patients,
20% of the affected relatives have HCM or DCM without signs of hypertrabecula-
tion [28]. In addition relatives of NCCM patients may have an increased risk for
CHD, compared to population risk [28].
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Screening Adult Relatives of NCCM Patients

In families with a causative mutation, adult relatives can be offered predictive DNA
testing. Predictive DNA testing of relatives can reliably identify which relatives
carry a mutation and have an increased risk of developing a cardiomyopathy and
thus need clinical surveillance. Relatives who do not carry the mutation can be
excluded from regular cardiac follow-up and also can be reassured that there is no
increased risk for cardiomyopathy for their offspring.

In families without a mutation, cardiologic family screening of first-degree rela-
tives is recommended. Family screening can be initiated by asking the index patients
to distribute a letter to their first and second-degree relatives with information on
counseling for genetic risk for NCCM and recommendations for predictive DNA
and/or cardiologic family screening. The legal framework for informing relatives
varies, in most countries it is the index patient and not the clinician, who must
inform relatives and invite them for screening on behalf of the healthcare system
[37]. It is important that relatives consent and are correctly informed, before they
are tested, about the risk of having a cardiomyopathy and about the eventual conse-
quences when they are carriers of a familial mutation and/or signs of cardiomyopa-
thy are detected at cardiologic exam. Diagnosis of a mutation or a cardiomyopathy,
even when a relative is asymptomatic may have medical, psychologically as well as
socio- economically consequences. For instance regarding life insurance, pension,
life style (sporting activities), and eligibility for fostering and adoption [38]. Most
relatives have no symptoms of cardiomyopathy and have not been diagnosed when
they have a predictive DNA test or have the first cardiologic examination. One of the
reasons relatives may choose to have a predictive test is that they want to be in con-
trol of their life and gain clarity. Others, doubt wanting to have disclosure, because
they believe they may be better of not knowing about the risk giving the chance of
being asymptomatic for years. A genetic counselor can help to guide in their deci-
sions to have a pre-symptomatic test.

Screening Young Relatives for NCCM

Like in other age dependent hereditary cardiomyopathies, the recommendations for
pre-symptomatic screening are not the same for adults and children. Cardiologic
screening is usually recommended from the age that first symptoms may appear. For
instance for HCM, cardiologic screening starts around 10-12 years for asymptom-
atic children with unknown genetic status [38]. In practice these guidelines are fol-
lowed for NCCM as well. In families with a mutation, predictive DNA testing in
children is usually postponed until the age that they can make an informed decision.
Because the medical benefit of pre-symptomatic DNA diagnosis of having a famil-
ial mutation has not been established for children. The main advantage of pre-
symptomatic DNA testing of children is that when a familial mutation can be
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excluded the child can be discharged from life-long follow-up. In contrast, for the
asymptomatic children who are found to be carriers of a familial mutation, recom-
mendations include regular cardiologic follow-up and address life style, like refrain-
ing from competitive sports [38]. The burden for children of regular hospital visits,
may have adverse psychological like anxiety or depression and may harm a child’s
self-esteem [39, 40]. Another adverse effect of pre-symptomatic testing in children
and adults alike are possible economic disadvantages like higher life insurance or
mortgages later in life. For that reason predictive DNA testing for a familial muta-
tion is usually performed in relatives above the age of 18 years. Clinical and/or
genetic screening should be considered from younger age if the child has symptoms
which can point to a cardiomyopathy or in families with a history of early-onset
cardiomyopathy.

Pregnancy and Prenatal Testing

An important aspect of the counseling and cardiologic care of young women with
NCCM is to inform patients that a pregnancy may carry a risk for themselves as
well as for their offspring. For women with NCCM, the maternal risk in pregnancy
for developing heart failure and/or arrhythmias requires extensive follow-up during
pregnancies. Women with a cardiomyopathy who have symptoms before pregnancy
have an increased risk and need specialized obstetric care [41]. Women with asymp-
tomatic cardiomyopathies usually tolerate pregnancy well and these women may
have a spontaneous labor and vaginal delivery [42]. NCCM patients have an
increased risk of having a child with a cardiomyopathy. Depending on whether the
patient has a mutation and the estimated risk for the child, prenatal diagnosis of
NCCM (prenatal DNA testing and/or prenatal cardiac ultrasound of the fetus) can
be discussed. Prenatal diagnostics for NCCM, however, are rarely requested,
because the risk that a child has severe congenital NCCM is small, given that onset
of symptoms of NCCM are age related, and patients/ carriers of mutations may not
have symptoms. Unless there is an affected child in the family, in which case prena-
tal diagnostics for NCCM will be recommended.

The individual options and limitations of prenatal diagnosis of NCCM are dis-
cussed with NCCM patients with reproductive wishes. Pre- and post-test counseling
is necessary because risks and prenatal testing in these pregnancies may evoke anxi-
ety in parents and they may need help to make far reaching decisions during the
pregnancy. It is important to acknowledge, that the likelihood that testing may cause
distress, meaning that steps should be taken to minimize distress and provide sup-
port, not that testing should be denied.

For prenatal testing for NCCM the familial mutation is important. In families
with a mutation, prenatal DNA testing can be performed. We have the choice of a
DNA testing in chorionic villus sampling (conducted at 1012 weeks of gestation)
or amniocentesis (conducted at 14-20 weeks of gestation). The DNA test results are
known within 2-3 weeks, well within the legal framework in most countries for
terminating a pregnancy affected with a severe disorder. The parents need to be
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informed that these interventions carry a risk for the mother and fetus including
miscarriage [43]. If the child is shown to have the familial mutation that may causes
(severe) childhood cardiomyopathy, parents may choose to terminate the pregnancy
or have additional prenatal echocardiography for structural defects and assessment
of cardiac function to detect a congenital cardiomyopathy [44]. Prenatal cardiac
sonography is performed in specialized tertiary prenatal centers, and allows to
detect fetal cardiac malformations, cardiomyopathies, systolic and diastolic func-
tion and arrhythmia in the second —and third trimester of pregnancy. Prenatal car-
diac sonography is also the method of choice for prenatal screening of NCCM when
there is no mutation in the family. A major limitation of prenatal sonography for
NCCM is that little is known about the onset and prenatal development of NCCM,
and we do not know in which NCCM patients we may and in which we cannot find
prenatally signs of noncompaction and in which trimester the first cardiac signs of
noncompaction be may observed. There are few reports, showing early prenatal
onset of NCCM in cases with a MYH7 mutation [45]. Since prenatal diagnosed
NCCM may remain asymptomatic after birth, prediction of disease severity from
the results of prenatal testing remains difficult [46]. However, prenatal testing does
have a role in assessment which pregnancy may need perinatal cardiac monitoring.

Psychological Impact of Genetic Testing for Index
and for Relatives

Having a genetic cardiomyopathy implies that your children and other family mem-
bers may have an increased risk of having a cardiomyopathy. For patients, this
knowledge may add to the burden of having a cardiomyopathy. For insight in the
psychological effects of genetic testing, we depend on studies focusing on familial
cardiomyopathies or other genetic disorders. The studies looking at the impact of
having a genetic cardiomyopathy showed that overall the burden of cardiac symp-
toms had greater psychosocial impact than the burden of the condition being genetic
[26, 47]. Index cases might be pressured by their relatives to have genetic testing.
But this did not negatively affect satisfaction with the genetic counseling process or
getting the results of DNA testing [48]. Overall clinical symptoms are the principal
source of concern: index cases showed more distress when having a diagnostic
DNA test than relatives having a predictive DNA test, probably because the index
cases had a cardiomyopathy, while the relatives usually are asymptomatic [49].
Predictive testing can evoke anxiety about risk of being affected and transmitting
the predisposition for disease to offspring, but it may also bring clarity about a sub-
ject that has been on the mind for a significant time. Overall relatives at risk for
hereditary cardiac diseases did not have more emotional distress the normal popula-
tion [50]. Understandably, relatives with a positive genetic test showed more dis-
tress than relatives where a familial mutation could be excluded [49]. Despite the
result of the genetic test, the vast majority (80%) of the patients was satisfied with
the decision of undergoing a genetic test [49]. Patients who had less understanding
of carriership of the mutation or had stronger belief in serious consequences had
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more symptoms of depression [47]. High levels of anxiety were linked to a younger
age, females, less formal education and fewer social contacts [47, 51]. From these
studies we have learned the importance of focusing during pre- and post-test coun-
seling on the individual perception of risk and disease and helping the patients to
cope with the consequences of the test result. The way of giving the test result, by
telephone or by a face to face appointment, did not have an impact on contentment
of the patient [48].

Cardiologic Screening

In case a mutation is identified in a patient, the patient is referred for cardiologic
screening. Cardiologic screening is also recommended for relatives from a family
with a mutation, who chooses not to have a predictive DNA test. Likewise, in fami-
lies were no mutation is found, relatives are advised to have a cardiologic examina-
tion from age of 10 years onwards. Cardiologic screening may be initiated before
the age of 10 years if the child is planning to engage in competitive sports, or there
is a family history of sudden cardiac death. Cardiologic screening in family mem-
bers contains a physical examination, 12-lead electrocardiography and echocar-
diography. When abnormalities are found the cardiac work up should be expanded.
For example when signs of a cardiomyopathy on echocardiography are identified,
additionally cardiac magnetic resonance imaging (CMR) can be performed. A48-h
ambulatory electrocardiography should be performed when patients have palpita-
tions or there are other indications for an arrhythmia.

In familial NCCM, relatives have less severe cardiac features than the index
cases. Early detection in relatives is important and allows treatment and prevention
of severe complications. Index cases with a mutation had a higher prevalence of
familial disease. Cardiologic family screening is recommended for the families of
all cases, because family screening may identify asymptomatic relatives with a car-
diomyopathy in families without evidence for genetic disease. In this way cardio-
logic family screening may help to identify familial NCCM and stratify risk for
relatives into a high genetic risk. In the sporadic cases without a mutation and nega-
tive results of cardiac family screening, as expected in approximately 50% of all
cases diagnosed with NCCM, secondary causes (non-genetic) for NCCM are
expected with low recurrence risks for relatives.

Cardiologic Follow-Up

In general, the diagnosis NCCM requires lifelong follow-up to detect changes in
symptoms, risk for adverse events, LV function and cardiac rhythm. Prevalence of
LV systolic dysfunction and atrial arrhythmias increases with age [52, 53]. The
frequency of monitoring is determined by the severity of disease, age and symp-
toms. A clinical examination, including 12-lead ECG and TTE, should be performed
every 1-2 years or sooner if patients have new cardiac symptoms [38]. In 50-70%
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of the mutation carriers a cardiomyopathy is identified by first screening, 30% of
these patients are asymptomatic [28, 54]. These asymptomatic carriers with a phe-
notype should also have follow-up every 1-2 years. The clinical significance of mild
morphological and functional abnormalities is uncertain but probably minor in most
[54, 55]. In 30% of the adult relatives with a mutation no cardiomyopathy at first
cardiologic screening is identified, these are mutation carriers without a phenotype
[28]. Studies suggest a benign clinical course for mutation carriers without a pheno-
type in HCM families [56, 57]. However, a proportion of mutation carriers without
a phenotype will develop a cardiomyopathy later in life, because of age-related
increase in penetrance [13]. This is why mutation carriers without a phenotype
should have cardiac examination at least every 5 years [38]. Also first degree family
members without a phenotype from families without a mutation cannot be dis-
charged from medical follow-up and should also be screened at least every 5 years
[38]. This is because not all genetic causes for NCCM are identified yet, and these
relatives might have a yet unknown genetic cause for NCCM.

Genotype-Phenotype Correlation

Knowledge of the genetic cause for familial NCCM may help to predict the out-
come. Specific genetic defects were associated with the phenotype, and associated
clinical features, including risk for major adverse cardiac events for the index case
and affected relatives. In other words, complementing cardiologic diagnosis with
genetic status may allow tailoring clinical management and follow-up of familial
NCCM according to genetic burden. In the future the associations between specific
mutations and clinical features or risks may become clearer, by more extended
methods of DNA testing and the analysis of the features large numbers of patients.
Although specific genotype based cardiomyopathy treatments are not available, the
established genotype-phenotype correlations for NCCM can help to guide clinical
management of the patients.

Genetic Versus Sporadic NCCM

There are distinct differences between the genetic (the NCCM patients with a muta-
tion and/or patients with a family history of cardiomyopathy) and the patients with-
out a mutation or family history, the sporadic cases. Mutations occur more frequently
in young patients and in patients with familial cardiomyopathies [4]. In children
with genetic NCCM severe outcome of NCCM is more than in children with spo-
radic NCCM [4]. Children diagnosed before the age of 1 year, had frequently a
mutation, cardiac symptoms, LV systolic dysfunction, and a high risk for major
adverse cardiac events (MACE). In contrast to sporadic children, who had a good
prognosis, with a mild clinical course and low risk for complications. In severe
forms of NCCM occurring in childhood the possibility exists that it may involve a
complex genotype. For that reason if a child is diagnosed with a cardiomyopathy in
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the family of an adult NCCM case, we recommend to perform a full panel of genes
testing instead of only testing for the familial mutation.

Adults with a mutation had high risk for LV and RV systolic dysfunction [4].
Prognosis in adult NCCM patients with a mutation was correlated with left ven-
tricular function. Adult NCCM patients with a mutation and a persevered LV ejec-
tion fraction had a good prognosis. In contrast to adults with a mutation and LV
systolic dysfunction, who had worse outcome. In sporadic adult patients prognosis
was not related to LV systolic function. The sporadic NCCM patients had frequently
hypertension, suggesting an acquired form of NCCM, and this may have conse-
quences for recommendations of family screening.

Sarcomere Genes

MYH?7 gene mutations are the most prevalent genetic cause for NCCM are associated
with a relatively milder course of disease with low risk for complications, compared
to other genetic causes [4]. The prognosis for patients with mutations in the head of
the MYH?7 gene was better than for patients with mutations in the tail of the gene [28].
Mutations in the head of MYH7 were associated with NCCM with normal dimensions
of the LV and a milder course of the disease. Mutations in the tail had high incidence
of LV dilatation and LV systolic dysfunction. An explanation for the association
between mutations in the tail and the dilated subtype could be that tail mutations may
infer with the binding site for 77N, and thus may have a similar effect as the effect of
TTN mutations, which are important causes of DCM. Also frequent relatives with
DCM without hypertrabeculation were identified. Another feature of the MYH7 was
that this is one of the rare sarcomere genes that was observed in families where Ebstein
anomaly occurred in NCCM patients [35]. The 77N gene, which is a major cause of
DCM, is also a frequent cause of NCCM, predominantly in adult NCCM patients [4].
This could indicate that younger 77N carriers are not symptomatic, which may be
important for relatives (children) who are carriers of a 77N mutation. The adult
NCCM patients with 77N mutations had high prevalence of LV systolic dysfunction
and LV dilatation, similar to DCM patients with 77N mutations. In families of NCCM
patients with a 77N mutation relatives may have DCM without hypertrabeculation
[28]. MYBPC3 (compound) homozygous mutations were observed in NCCM cases
with a severe phenotype and major cardiac events at young age [16]. NCCM patients
with a single MYBPC3 mutation had high prevalence of RV systolic dysfunction [4].
In the families of NCCM patients with a MYBPC3 mutation, HCM without signs of
hypertrabeculation may occur in relatives. Also an increased risk for LV hypertrophy
(HCM) was observed [28]. Relatives with HCM without sigs of hypertrabeculation
occur in the families of NCCM patients with a MYBPC3 mutation.

Other Cardiomyopathy Genes
Mutations in HCN4 were associated with NCCM and also bradycardia [58].

Mutations in RYR2 lead to catecholaminergic polymorphic ventricular tachycardia
(CPVT) and may also cause NCCM, especially variants in exon 3 [59]. LMNA and
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RBM?20 are rare causes for NCCM and may be associated with worse outcome, like
in DCM [5]. SCN5A was reported to be a genetic modifier, increasing the risk for
arrhythmias in NCCM [60].

Future Directions of Genetic Diagnosis and Family Screening
for NCCM

The application of whole exome or genome sequencing of NCCM patients in the
near future will reveal novel genetic causes or genetic interactions with modifiers,
some of which may explain remodeling into different cardiomyopathy phenotypes
within families. A disease model may be developed to obtain functional evidence of
the deleterious effect of genetic variants for better understanding and a more accu-
rate classification of the DNA variants in cardiomyopathy genes, especially for the
variants that are now regarded as variants of unknown significance. The expected
broad application in the general population of predictive DNA testing for genetic
susceptibilities for a large range of disease, may achieve a change in attitude towards
and the perception of having a genetic susceptibility. Because it is clear that all of
us are carrying genetic defects for one disease or another. This awareness hopefully
leads to ban the discriminatory socio economic sanctions experienced currently
whenrevealing personal genetic burden.

Prospective large follow up studies are needed to confirm the genotype-phenotype
correlations in NCCM, and adjust guidelines for clinical follow up of patients and
at risk relatives accordingly. Leading eventually to family- and gene tailored follow-
up and management of NCCM patients and their families. The risk for cardiomy-
opathy for relatives of sporadic NCCM patients seems low, also risk for mutation
carriers without a phenotype seems low. Follow-up studies of these relatives at low
risk are needed to evaluate the value of interval screening in these groups and to
confirm the low risk. When al NCCM genes are known, excluding a genetic predis-
position in a proportion of patients may be achieved, thus allowing making the
important distinction between genetic and non-genetic NCCM. And follow-up
strategies can be designed according to genetic burden. In the distant future genetic
classification may lead to the development of genotype specific treatment and even-
tually gene therapy for NCCM.
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