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Background: Left ventricular noncompaction (LVNC) cardiomyopathy is a disorder
that can be complicated by heart failure, arrhythmias, thromboembolism, and
sudden cardiac death. The aim of this study is to clarify the genetic landscape of
LVNC in a large cohort of well-phenotyped Russian patients with LVNC,
including 48 families (n=214).

Methods: All index patients underwent clinical examination and genetic analysis,
as well as family members who agreed to participate in the clinical study and/or
in the genetic testing. The genetic testing included next generation sequencing
and genetic classification according to ACMG guidelines.

Results: A total of 55 alleles of 54 pathogenic and likely pathogenic variants in 24
genes were identified, with the largest number in the MYH7 and TTN genes. A
significant proportion of variants —8 of 54 (14.8%) —have not been described
earlier in other populations and may be specific to LVNC patients in Russia. In
LVNC patients, the presence of each subsequent variant is associated with
increased odds of having more severe LVNC subtypes than isolated LVNC with
preserved ejection fraction. The corresponding odds ratio is 2.77 (1.37 -7.37; p
<0.001) per variant after adjustment for sex, age, and family.

Conclusion: Overall, the genetic analysis of LVNC patients, accompanied by
cardiomyopathy-related family history analysis, resulted in a high diagnostic yield
of 89.6%. These results suggest that genetic screening should be applied to the
diagnosis and prognosis of LVNC patients.

KEYWORDS

LVNC, left ventricular noncompaction cardiomyopathy, genetic screening, family form,
MYH7, TTN
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1. Introduction

Left ventricular noncompaction (LVNC) cardiomyopathy is
characterized by the presence of a two-layer structure in the
myocardium. Its main layer is represented by a compact
myocardium, and the other layer is a spongy structure with
multiple trabeculae (1). Patients are diagnosed with LVNC after
an echocardiography (ECHO) or cardiac magnetic resonance
(CMR) examination (2, 3). LVNC, due to the development of
diagnostic methods and increased awareness of the disease, has
become more often diagnosed in both children and adults (4).
Due to the variety of clinical subtypes of the disease, the
tendency to develop life-threatening arrhythmias, sudden cardiac
death (SCD), heart failure, and the underestimation of the
disease by many clinicians, LVNC is a disease that requires
better clinical identification, as well as an understanding of
pathology for the timely initiation of therapy (1). Initially, for the
diagnosis of LVNC, the identification and description of
trabeculations were most crucial, but later other features became
important in defining specific LVNC subtypes (5). There are
several subtypes of LVNC: isolated, dilated, hypertrophic, and
restrictive. The genetic nature of the disease is detected in only
half of the cases; however, as sequencing data accumulates, their
number will grow (6). About 180 genes associated with LVNC,
with varying levels of evidence, were reported (7). For
heterogeneous disorders such as LVNC, a better understanding
of its genetic background could improve outcome prediction and
patient management. The aim of this study was to clarify the
genetic landscape of LVNC in a large cohort of well-phenotyped
Russian patients listed in the multicenter LVNC register (8).

2. Materials and methods

2.1. Selection of participants and clinical
data

Index patients with LVNC and burdened family history of
LVNC and their relatives were included in this study. The
inclusion criteria were: the presence of LVNC in an index patient
and at least one relative of 1st, 2nd, or 3rd degree with LVNC or
other cardiomyopathies. All index patients underwent clinical
examination and genetic analysis, as well as family members who
agreed to participate in the clinical study and/or in the genetic
testing. Clinical examination included general examination,
24-h Holter
electrocardiogram, CMR, ECHO, and blood sample collection for

electrocardiography using monitoring
biochemical and genetic analyses. For ECHO and CMR imaging,
the criteria of LVNC suggested by Jenni et al. (2) and Petersen
et al. (3) were used. The study was conducted according to the
guidelines of the Declaration of Helsinki and approved by the
Institutional Review Boards of the National Medical Research
Center for Therapy and Preventive Medicine (Moscow, Russia).
Every participant and/or their legal representative gave their
written informed consent to be involved in this study.
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The patients were classified into the 7 subtypes of LVNC: (1)
isolated LVNC with preserved ejection fraction (EF) of the left
ventricular (LV), if they had normal LV dimensions without LV
hypertrophy; (2) isolated LVNC with reduced EF of the LV, if
the patient had normal LV dimensions with EF < 50%; (3) dilated
LVNC if the patient had LV dilatation; (4) hypertrophic LVNC,
if the patient also had LV wall hypertrophy of >13 mm; (5)
hypertrophic dilated LVNGC, if the patient had LV dilation and
LV wall hypertrophy; (6) LVNC with congenital heart disease
(CHD); (7) restrictive LVNC is characterized by left atrial or
biatrial dilation and diastolic dysfunction.

For pedigrees creation, the CeGaT Pedigree Chart Designer
v.3.0 (CeGaT GmbH, Tibingen, Germany) was used (9).

2.2. Echocardiography and cardiac
magnetic resonance

ECHO was performed using the ultrasound system Philips
IE33 (Philips Medical Systems, Eindhoven, Netherlands). In the
parasternal position on the short axis at the end of the systole
were evaluated the presence or absence of a two-layer structure
of the myocardium, the presence of trabeculae and blood flow
between them, and the ratio of the thickness of the noncompact
layer to the thickness of the compact layer were evaluated more
than twice (2).

A CMR was performed using a 1.5 T scanner (Avanto, Siemens
Medical Solutions, Erlangen, Germany) with retrospective ECG-
gating. Standard protocols consisted of breath-hold cine-imaging
(SSFP) and late (LGE)
implemented. We analyzed the results using CVI 42 software. LV
end-diastolic volume (EDV), LV end-systolic volume (ESV),
myocardial mass, and non-compacted myocardial mass were

gadolinium enhancement were

calculated as well as indexed values. Patterns of contrast

enhancement were analyzed.

2.3. Genetic analysis

2.3.1. DNA extraction

The blood samples and buccal swabs were stored at —30°C and
+4°C, respectively, at the Biobank of the National Medical Research
Center for Therapy and Preventive Medicine (Moscow, Russia)
(10). DNA was extracted from whole blood and, in one case,
buccal swab samples using the QIAamp DNA Blood Mini Kit
(Qiagen,
measured with a Qubit 4 fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA).

Hilden, Germany). The DNA concentration was

2.3.2. NGS

Next generation sequencing (NGS) was performed with three
platforms (HiSeq 1500, NextSeq 550, and Ion S5) for 141
patients,
Table S1). Sanger sequencing was performed for other relatives.

including 48 index patients (see Supplementary

The list of studied genes is presented in Supplementary
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Table S2. All sequencing stages were carried out in accordance
with the manufacturers” protocols.

2.3.2.1. Exome sequencing
Exome sequencing was done on two platforms, HiSeq 1500 and
NextSeq 550 (Illumina, San Diego, CA, USA).

For the NextSeq 550 platform, exome libraries were prepared
with the TruSeq DNA Library Preparation Kit (Illumina, San
Diego, CA, USA) and the xGen Exome Research Panel (IDT,
Integrated DNA Technologies, Coralville, IA, USA) according to
the IDT-Illumina TruSeq DNA Exome protocol (Illumina, San
Diego, CA, USA). Sequencing was done using NextSeq 550
(Ilumina, San Diego, CA, USA) with paired-end sequencing
(150 bp) (11, 12).

For the HiSeq 1500 platform, exome libraries were prepared
using the Kapa Library Amplification Kit (Roche, Basel,
Switzerland) and NimbleGen SeqCap EZ Exome v3.0 (Roche,
Basel, Switzerland). Sequencing was performed on HiSeq 1500
(Mumina, San Diego, CA, USA) with paired-end sequencing
(250 bp).

2.3.2.2. Custom panel sequencing

We developed a list of genes for analysis on the basis of
information about association with cardiomyopathies published
in the HPO, ClinGen, OMIM, and ClinVar databases (13-16)
and literature (17-19). The intersection of this list with the lists
of genes included in the panels used in this study is presented in
Supplementary Table S2. In the course of exome sequencing, all
297 genes were analyzed. For the two custom panels, 137 and
200 genes, respectively, were analyzed.

For the Ion S5 platform, a custom panel was used. It included
137 genes (CDS + 10 bp padding) associated with LVNC or other
cardiomyopathies (Supplementary Table S2) and was designed
in the Ion AmpliSeq Designer software (Thermo Fisher Scientific,
Waltham, MA, USA). The preparation of AmpliSeq libraries was
done on the Ion Chef System (Thermo Fisher Scientific,
Waltham, MA, USA), the 200 bp sequencing was performed on
the Ion S5 (Thermo Fisher Scientific, Waltham, MA, USA) (20).

For the NextSeq 550 platform, a custom panel was used that
included exon sequences of 200 (CDS+25bp padding) genes,
with  LVNC  or
(Supplementary Table S2). The libraries were prepared with the
SeqCap EZ Prime Choice Library Kit (Roche, Basel, Switzerland).
Sequencing was performed on NextSeq 550 (Illumina, San Diego,
CA, USA) with paired-end sequencing (150 or 300 bp) (21).

associated other  cardiomyopathies

2.3.2.3. Bioinformatic analysis

For the NextSeq 550 and HiSeq 1500 platforms, the first step of
sequencing analysis generated fastq files. The GRCh37 reference
genome was chosen for the alignment of paired-end reads. We
used the custom-designed pipeline based on GATK 3.8 (22) for
data processing and quality control evaluation. ENSEMBL
Variant Effect Predictor (23), ClinVar (2021/01/10) (16),
gnomAD (v2.1.1) (24), and dbSNP (25) databases were applied
for the annotation of single-nucleotide variants and short indels.
PLINK v1.90 (26) was used to get identity by state (IBS) values
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and identity by descent (IBD) proportion to estimate relatedness
for all pairs of individuals.

For the Ion S5 platform, sequencing and bioinformatic analysis
resulted in bam files. We used the Torrent Server (Thermo Fisher
Scientific, Waltham, MA, USA) with default parameters to obtain
the vcf files. For the annotation of the vcf files Ion Reporter
Waltham, MA, USA) with the
Annotate Variants analysis tool was applied.

(Thermo Fisher Scientific,

2.3.3. Clinical interpretation

Variants in cardiomyopathy-associated genes (Supplementary
Table S2) with allele frequencies <0.005 or missing in the gnomAD
database were analyzed (24). The pathogenicity evaluation of the
variants was done according to the recommendations of the
American College of Medical Genetics and Genomics (27). In
this study, the following types of variants are included:
pathogenic (P), likely pathogenic (LP), and variant of unknown
significance (VUS). For all variants, their presence in the ClinVar
database (16) was studied.

2.3.4. Sanger sequencing

Sanger sequencing was performed according to the
manufacturer’s protocol for the purpose of verifying NGS results.
PCR-amplified fragments were purified with ExoSAP-IT
(Affymetrix, Santa Clara, CA, USA) and then sequenced on the
Applied Biosystem 3500 Genetic Analyzer (Thermo Fisher
Scientific, Waltham, MA, USA) using the ABI PRISM BigDye
(Thermo Fisher

Terminator reagent kit v. 3.1 Scientific,

Waltham, MA, USA).

2.4. Statistical analysis

Statistical analysis was performed using R software (version
3.5.1). For the representation of continuous variables, median
(Me) and interquartile range (Q1; Q3) were used; for categorical
variables, absolute numbers and percentages were used. For
comparison of continuous variables, the Mann-Whitney U test
was performed, and the two-sided Fisher’s exact test was used for
categorical variables. Numbers of pathogenic variants in the
groups of patients are presented as mean + standard deviation. A
comparison of the number of variants between groups of patients
with different LVNC subtypes was carried out using linear and
logistic regressions with mixed effects implemented in the Ime4
package (28). We used sex and age as fixed effects and the family
variable as a random intercept effect. We considered the
differences statistically significant if the p-value was <0.05. The
diagram was created using the ggplot2 package (29) and the
Viridis palette (30).

2.5. Limitations of the study
Not all study participants underwent NGS genetic testing.

NGS genetic testing was carried out using three panels, each
including a different number of genes (from 137 to 297).
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Moreover, it is possible that age-dependent penetrance may play
a role in the clinical picture of LVNGC, and it can occur that more
relatives will be affected in the future. Functional studies to
confirm the causal relationship of variants in the VCL,
SLC22A5, and FHOD3 genes with LVNC development have
not been performed.

3. Results

3.1. Clinical features of LVNC index patients
and their relatives

A total of 48 families with LVNC (48 index patients and 166
relatives) were included in the study. Clinical characteristics of
the participants are presented in Table 1. Overall, a total of
121 people had manifestations of LVNC (n=111) or other
cardiomyopathies (n =10). Children (persons under 18 years
old) and male participants accounted for 29.9% and 48.6% of
all participants, respectively. The proportion of men and
children did not differ significantly between the groups of
patients and healthy people. The group of patients was
significantly younger than the group of healthy participants,
32 years vs. 38 years. The LVNC subtypes of the studied
patients are shown in the diagram (Figure 1). In individuals
with LVNC (n =111), the most common subtypes were dilated
and isolated LVNC with preserved EF (76.6% in total). DCM
or HCM were diagnosed in 6 and 4 relatives without LVNC,
respectively.

TABLE 1 Clinical characteristics of the study participants.

10.3389/fcvm.2023.1205787

3.2. Genetic findings in LVNC index patients
and their relatives

In 48 index patients, a total of 55 alleles of 54 P/LP variants
have been identified in the genes associated with hereditary
cardiomyopathies. Results are presented in Table 2, where they
are grouped according to the classification given in a recent
review (7). Corresponding separately published clinical cases are
listed in the reference column. Only one variant was found in
two unrelated families (TPMI, p.Ala242Val); each of the other
variants was found in one family only. The largest number of
variants was found in the MYH7 (27.3%, 15 variants, one of
them de novo rs730880156) and TTN (14.5%, eight variants)
genes. We have also identified pathogenic variants in the VCL
and SLC22A5 genes that have a limited number of publications
(31-33) confirming their association with LVNC but were not
listed in the last review of the LVNC genes (6) (see Table 2,
Supplementary Table S3). Moreover, we identified one
pathogenic variant in the FHOD3 gene that was previously
associated only with hypertrophic cardiomyopathy (HCM)
(34-36). No P or LP variants were identified in the five families
(10.4%). In 13 index patients, more than one variant was
identified (27.1%). Pedigrees of index patients with more than
one variant, clinical and genetic information are presented in
Supplementary Table S3. In five index patients (10.4%), we
additionally identified six rare variants classified as VUS. We
suppose that they can modify the course of the disease (see
Supplementary Table S4). A total of 14.8% (8 of 54) variants
have not been described earlier in other populations and may
be specific to LVNC patients in Russia: DSP:p.GIn948LysfsTer29,

Parameter All participants LVNC and cardiomyopathy Healthy participants
(n=214) patients (n=121) (n=93)

Index patients, n 48 48 0 —
Relatives, n 166 73 93 —
Patients with LVNC subtypes, n (%) 111 (51.9) 111 (91.7) 0 —
Patients with other cardiomyopathies 10 (4.7) 10 (8.3) 0 —
Children, n (%) 64 (29.9) 38 (29.8) 26 (28) 0.65
Men, n (%) 104 (48.6) 64 (52,9) 40 (43) 0.17
Age, years, Me (25; 75) 35.5 (14; 47.3) 32 (13; 42) 38 (17; 56.5) 0.01
BMI, kg/mz, >18 y.0., Me (25; 75) 25.8 (22,25 29.2) 24.9 (21.6; 28.8) 27.3 (23; 31.4) 0.01
EF LV, %, Me (25; 75) 57 (45; 65) 51 (38; 58.5) 63 (60; 68.5) <0.001
EDV, ml, >18 y.o., Me (25;75) 119.5 (99; 153.3) 135.5 (112; 172.8) 100.5 (87; 125.8) <0.001
EDD, ml, >18y.0., Me (25;75) 51 (47; 55) 53 (50; 58.8) 48 (45; 51) <0.001
Nonsustained VT, n (%) 30 (16) 30 (26.1) 0 <0.001
Sustained VT n (%) 4(23) 4 (3.6) 0 0.07
Thromboembolic event, n (%) 4(2.1) 4 (3.5) 0 0.3
Heart failure, n (%) 80 (42.6) 79 (68.7) 1(1.4) <0.001
Heart transplantation, n (%) 6 (3.1) 6 (5.2) 0 0.08
Neuromuscular diseases, n (%) 9 (4.9) 8(7) 1(1.4) 0.16
Primary end point, n (%) 14 (6.6) 14 (11.7) 0 <0.001
Death, n (%) 8 (3.8) 8 (6.7) 0 <0.001
CVD death, n (%) 6 (2.8) 6 (5) 0 <0.001
SCD, n (%) 2 (0.9) 2(1.7) 0 <0.001

BMI, body mass index; CVD, cardiovascular disease; EDD, end-diastolic diameter; EDV, end-diastolic volume; EF, ejection fraction; Me, median; SCD, sudden cardiac death;

VT, ventricular tachycardia.
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FIGURE 1
LVNC subtypes diagram of the studied patients.
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MYH7:p.Glu632Lys, MYH7:p.Glu497Lys, TTN:
p-GIn23676HisfsTerl6, ACTN2:p.Ille190Ser, ACTN2: p.Leu70del,
ACTN2:p.Leul84Pro, SLC22A5:p.Asp388Ifs*11.

Patients with isolated LVNC with preserved EF had 0.74 + 0.59
causal variants vs. 1.16 + 0.63 causal variants in patients with other
LVNC subtypes. The difference in average numbers of causal
variants is equal to 0.42 (0.17-0.66; p=0.001) and decreases to
0.38 (0.18-0.57; p<0.001) after adjustment for sex, age, and
family. In patients with LVNC, the presence of each subsequent
variant is associated with increased odds of having more severe
LVNC subtypes than isolated LVNC with preserved EF. The
corresponding odds ratio after adjustments is 3.59 (1.64-10.23;
p=0.001) per variant.

4. Discussion

The presented work is the largest study on LVNC genetics in
Russia in terms of the number of included patients and is
comparable with other studies in this field worldwide (6, 17, 51).

This study resulted in several remarkable findings. First of all,
genetic analysis in 48 index patients with familial form of LVNC
resulted in the diagnostic yield of nearly 90%: 10.4% of index
patients had no LP/P variants, 62.5% had one LP/P variant, and
27.1% had more than one variant. This can be compared to
other studies, where the percentage of index patients with the
familial form of LVNC and no detected pathogenic variants
ranged from 34% to 52% (6, 17, 52). In contrast, the absence of
a family history of LVNC (sporadic cases) is usually associated

Frontiers in Cardiovascular Medicine

with a low diagnostic yield - from 9% to 46% (17, 51). In our
study, we used large gene panels containing 137, 200, and 297
genes, which was also the reason for the high diagnostic yield,
apparently because it increases with the number of genes for
which the analysis of variants is carried out (5, 53). Besides,
27.1% of the studied index patients had more than one variant,
which is somewhat higher than in the other studies, e.g., 9.5% in
Richard et al. (17) and 16.1% in Miszalski-Jamka et al. (31). This
can also be explained by the number of genes analyzed.
Moreover, the high genetic heterogeneity of LVNC in Russia
was shown: 54 variants were located in 24 genes, 8 (14.8%) of
them were new, and only one variant was found in two unrelated
families; each of the other variants was found in one family only.
The heterogeneity of LVNC can be confirmed by other studies
(5, 54). In our study, the most prevalent genes were MYH7
(27.3% of variants or 31.3% of index patients) and TTN (14.5%
of variants or 16.7% of index patients), which is quite common
for LVNC studies (17, 31, 52, 55). The next most prevalent genes
were DSP, MYBPC3, ACTN2. Most of the 15 variants found in
MYH?7 were located in the myosin motor domain (53.3%, eight
variants) and in the coiled coil region (33.3%, five variants) (56).
Among the eight TTN variants, six (75%) were found in the A-
band region, one (12.5%) in the I-band region, and one (12.5%)
in the M-band region (57), which is similar to other studies (17).
The fraction of 76.4% of all variants is located in genes from the
“definitive”

Rojanasopondist et al. classification (7), which indicates the need

and “moderate” categories according to the

to prioritize these genes for the genetic diagnostics. At the same
time, given the great genetic heterogeneity of LVNC, it may be

frontiersin.org
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necessary to evaluate not only the genes from the “limited”
category but also the genes associated with other monogenic
cardiomyopathies (7).

Here we have described three pathogenic variants in the VCL,
SLC22A5, and FHOD3 genes. These three cases are rather
interesting because variants in other genes that have stronger
evidence of association with LVNC did not show full family
segregation. From our point of view, it is important to report and
describe these cases, which can help clarify the association of these
particular genes with LVNC in the future (see Table 2,
Supplementary Table S3). The variants in VCL, SLC22A5, and
FHOD3 have been shown earlier to be associated with HCM or
dilated cardiomyopathies (DCM) (13-16, 34-36, 58-61). In the case
of VCL and SLC22A5, there exist only three publications confirming
their association with LVNC (31-33). These data support the
overlap of genetic pathogenesis between the various cardiomyopathies.

The VCL gene codes for vinculin, a membrane-cytoskeletal
actin-binding protein. In this study, one family with LVNC had a
pathogenic VCL variant (p.Arg570Ter) in the index patient, her
mother, and sister (ACMG criteria: PVS1, PM2, PP1), two LP
variants—MYH7:p.Arg777Lys (PM1, PM2, PP2, PP3) and MYL2:
p-Met69Thr (PM1, PM2, PP2, PP3)—were found in the index
patient, her sister, and their healthy father (see Supplementary
Table S3). We can only suggest that these LP variants can modify
the course of the disease, because the mother of the index patient
has a less severe LVNC subtype, but the variant that segregates in
all family members with LVNC is in the VCL gene.

The SLC22A5 gene (also known as OCTN2) codes for the organic
cation transporter novel 2 and is associated with the development of
primary carnitine deficiency and cardiomyopathy (62, 63). Here we
present a family with the index patient diagnosed with LVNC and
three family members diagnosed with DCM (see Supplementary
Table S3). Unfortunately, we did not have the opportunity to
perform genetic testing for the index patient’s husband and sister.
Genetic analysis showed that the index patient with LVNC had the
LP variant SLC22A5:p.D388lfs*11 (ACMG criteria: PVS1, PM2),
and that the patient’s daughter with DCM is homozygous for this
variant. The index patient also had one LP variant MYH7:
p-Alal632Thr (PM1, PM2, PP2, PP3) and one P variant TTN:
p.Argl6391Ter (PVS1, PM2, PP5).

The FHOD3 gene plays a role in the regulation of the actin
cytoskeleton. The clinical description of the FHOD3 variant
clinical case was published earlier (49). In this case, the CMR
data allowed for an update of the diagnosis of the index patient
and his sister from HCM to LVNC (49).

We believe that the expansion of our knowledge about new
genes and variants associated with LVNC will help increase the
effectiveness of genetic testing for this disease.

Another finding is related to the risk prediction of the LVNC
subtype and associated risk of adverse events, which is important
for counseling relatives of patients with LVNC. In this work, the
most common LVNC subtypes were dilated LVNC (n=44,
39.6%) and isolated LVNC with preserved EF (n=41, 36.9%).
These two subtypes seem to reflect the natural course of the
disease and are stages in the same pathogenetic process. In the
study by van Waning et al. (52), the share of isolated and dilated
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LVNC was even higher and amounted to 95%. In the work by
Hirono et al., the proportion of these two subtypes was 67% (5).

Different subtypes of LVNC may occur in the same family, and
the severity of the disease subtypes may be due to the presence of
several variants in the patient (64, 65). Here, we have also shown
that the presence of multiple pathogenic variants in one patient is
accompanied by the presence of a more severe LVNC subtype. The
presence of neuromuscular diseases can also influence the severity
of LVNC. In this work, we observed several families with
neuromuscular diseases (n=6) who had severe LVNC with
progressive heart failure, orthotopic heart transplantation, and fatal
outcomes (in 2 cases). In the systematic review by Hirono and
Ichida, it was noted that neuromuscular disorders were present in
an average of 5% of LVNC patients, and apart from lower EF LV,
concomitant neuromuscular disease and heart failure with LV
dilation also led to poor prognosis and increased mortality (54). It
is worth mentioning that in the group of patients with MYH7
variants, there were no deaths or orthotopic transplants, which is
also consistent with the results of van Waning et al. (6). Besides,
patients with CHD had LP variants in MYH7 or ACTN2, while in
one of the previous studies only MYH?7 variants were found in such
patients (52). Another difference with the study by van Waning
et al. is the presence of TTN variants among pediatric patients (see
Table 2: Fam21, Fam70, and Fam89) (52).

In conclusion, we would like to summarize our findings. The
genetic analysis in LVNC patients and the family history of
LVNC have a high diagnostic yield. A total of 55 P or LP
variants were identified in 44 index patients, with the largest
number in the MYH7 and TTN genes. A total of 8 (14.8%)
variants were new. Three pathogenic variants in the VCL,
SLC22A5, and FHOD3 genes were identified, which may indicate
an association with LVNC. Different LVNC subtypes may occur
in the same family, and the severity of the phenotype may be
due to the presence of several variants in the patient. These
results support the idea that genetic screening should be applied
to the diagnosis and prognosis of LVNC patients.
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