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Abstract 
The era of personalized medicine emphasizes the 

provision of health care guided by the cardiomyopathy 
phenotypes described, their interpretation based on 
genotype, and genetic counseling. The identification of 
high-risk cardiomyopathy subtypes and the diagnosis of 
rare etiologies with potential therapies cannot be neglected. 
Genetic sequencing of these patients, in addition to 
advances in cardiac imaging techniques, has indicated a 
new perspective for these concepts, and consequently 
possible new classifications of cardiomyopathies and new 
clinical practices. The interaction between multidisciplinary 
teams and cardiology genetic experts is fundamental for a 
more appropriate management of gene variants, especially 
variants of uncertain significance that may be relevant 
in the expression of cardiomyopathies. This article helps 
cardiologists in the ordering of genetic tests and their 
indications, provides information about pathogenicity of 
variants and emphasizes family screening, challenges that 
may be overcome in daily practice.

Introduction
Increased access to new generation sequencing 

(NGS) has led to the adoption of new routine clinical 
measures by the clinical cardiologist. Genetic testing in 
family screening, the definition of subtypes of dilated 
cardiomyopathy (CMP) of high arrhythmic risk, and the 
diagnosis of rare etiologies with potential treatments (e.g., 
cardiac amyloidosis) are some of the genetic applications 
in the management of CMP that cannot be neglected. 
If on the one hand, recommendations on molecular 
investigation in patients with heart diseases have been 
adopted, on the other hand, the complexity of genetics 
has raised questions about its use.
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The objective of this review article is to help cardiologists in 
the applicability of genetics in CMPs, including key concepts 
for genetic test ordering and indications, family screening, 
result interpretation and clinical decision making. 

Genetic CMPs

Genetic CMPs are a heterogeneous group of diseases that 
affect cardiac muscle, mainly caused by changes in genes 
that encode sarcomeric, desmosomal, cytoskeletal proteins, 
among others.1,2 Table 1 describes different forms of genetic 
CMPs with respective prevalence. Although the diagnostic 
criteria of CMPs have been well established in the literature,3-7 
genetic sequencing of these patients and advances in cardiac 
imaging techniques have pointed to a new perspective on these 

Table 1 – Prevalence, genes and performance of genetic test in 
cardiomyopathies

Cardiomyopathy Prevalence
Prioritized genes 

associated with the 
disease**

% of positive 
cases****

HCM 1/500

MYH7, MYBPC3, TNNT2, 
TNNC1, TNNI3, TPM1, 
MYL2, MYL3, ACTC1, 
FHOD3, CSRP3, JPH2, 
PLN, TTR, PRKAG2, 

LAMP2, GLA.

60%

MCD
1/250 to 
1/2500

TTN, LMNA, BAG3, DES, 
DMD, TAZ, RBM20, 

SCN5A, FLNC. Include 
the genes associated with 

HCM and ACM

40%

MCA
1/2.000 to 
1/5.000

DES, DSC2, DSG2, DSP, 
JUP, PKP2, PLN, RYR2, 
TMEM43. Include the 
genes associated with 

DCM

50%

MCNC Unknown
Evaluate the genes 

associated with HCM and 
DCM

Unknown

MCR Unknown
Evaluate the genes 

associated with HCM
60%

HCM: hypertrophic cardiomyopathy; DCM: dilated cardiomyopathy; ACM: 
arrhythmogenic cardiomyopathy, non-compaction cardiomyopathy;  
RCM: restrictive cardiomyopathy. **Prioritized genes associated with each 
cardiomyopathy. Adapted from guidelines.19,36 **** Maximum efficiency of 
genetic testing applied in cohorts of index-cases (probands).36,37
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concepts. Since the 1994 MOGE(S) classification (Figure 1), 
extracardiac manifestations, family heritage and genetic etiology 
have been highlighted in the definitions CMPs.8 Recent clinical 
trials with cohort of patients carriers of specific variants have 
shed light on CMP subtypes, which will probably allow new 
classifications and clinical practices.9 Examples include specific 
treatments, such as tafamidis in cardia amyloidosis and genome 
editing approaches with CRISPR/Cas9 for Duchenne muscular 
dystrophy. Similarly, arrhythmogenic CMP, which is classically 
described as right ventricular dysplasia, has been revealed 
to share common etiologies with dilated CMP, particularly 
arrhythmogenic right ventricular CMP.9,10

The expression of genetic CMPs varies among individuals, 
even among family members affected by the same genetic 
variant, which makes risk stratification of these patients a 
challenge. Penetrance is related to the absence or presence 
of any clinical manifestation known to be determined by a 
gene and is given as percentage as a function of age. In CMPs, 
penetrance of most genes is incomplete, i.e., less than 100% 
of carriers manifest the disease, and seems to increase with 
age. However, depending on the genotype, some etiologies 
may have complete penetrance at young ages.13-16 Current 
prevalence estimates of hypertrophic CMP and dilated CMP 
described in Table 1 are based on cohorts of patients with a 

ACC-AHA  
stage 
represented 
as letter  
A, B, C, D
NA  
Not 
applicable
NU  
Not used

followed by 
NYHA class 
represented 
as Roman 
numeral 
I, II, III, IV

G	 Genetic cause
OC	Obligate carrier
ONC Obligate non-carrier
DN	De novo
Neg Genetic test negative for 
	  the known familiar mutation
N	 Genetic defect not identified
O	 No genetic test, any reason*
G-A-TTR Genetic amyloidosis
G-HFE Hemochromatosis
Non-genetic etiologies:
M	 Myocarditis
V	 Viral infection (add the  
	 virus identified in affected  
	 heart)
AI	 Autoimmune/immune- 
	 mediate; suspected (AI-S),  
	 proven (AI-P)
A	 Amyloidosis (add type:  
	 A-K, A-L, A-SAA)
I	 Infectious, non viral 
	 (add the infectious agent)
T	 Toxicity (add cause/drug)
Eo	 Hypereosinophilic  
	 heart disease
O	 Other

N	 Family history negative
U	 Family history unknown
AD	 Autosomal dominant
AR	 Autosomal recessive
XLD	 X-linked dominant
XLR	 X-linked recessive
M	 Matrilineal
O	 Family history not investigated*
Under Inheritance still undetermined
S	 Phentypically Sporadic 
	 (apparent or real)

H	 Heart
	 LV: left ventricle
	 RV: right ventricle
	 RLV: biventricular
M	 Muscle (skeletal)
N	 Nervous
C	 Cutaneous 
E	 Eye, Ocular
A	 Auditory
K	 Kidney
G	 Gastrointestinal
Li	 Liver
Lu	 Pulmonar
S	 Skeletal
O	 Absence of 
	 organ/system 
	 involvement*, 
	 e.g. in family 
	 members who 
	 are healthy 
	 mutation carriers; 
	 the mutation is 
	 specified in E and 
	 inheritance in G

D	 Dilated
H	 Hypertrophic
R	 Restrictive
R EMF
	 Endomyocardial 
	 fibrosis
	 LV: left ventricle
	 RV: right ventricle
	 RLV: biventricular
A	 ARVC
	 M = major
	 m = mInor
	 c = category
	 LV: left ventricle
	 RV: right ventricle
	 RLV: biventricular
NC	LVNC
E	 Early, with type 
	 in parentheses
NS	Nonspecific  
	 Phenotype
Na	Information  
	 non available
0	 Unaffected*
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Figure 1 – MOGES classification of cardiomyopathies. Arbustini et al., 20148 HCM: hypertrophic cardiomyopathy; DCM: dilated cardiomyopathy; RCM: restrictive 
cardiomyopathy; ARVC: arrhythmogenic right ventricular cardiomyopathy; LVNC: left ventricle non compaction cardiomyopathy; ECG: electrocardiogram; ECHO: 
echocardiogram.
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definite diagnosis of the disease and probably underestimate 
the actual prevalence of the disease. This is important 
information as many carriers of causal genetic variants, at risk 
of cardiovascular complications, have mild manifestations 
that do not establish the diagnosis and/or are of late onset.17 

Ordering a gene panel testing
In cardiology, genetic investigation in a family starts with a 

gene panel (NGS panel), preferably of a patient with a clear 
diagnosis of CMP, who we call “index-case” (or proband).18,19 
The NGS panel should include all prioritized genes, associated 
with the CMO observed in the index-case, recommended by 
the guidelines (Table 1).

Prioritized genes are genes with several variants, that 
cosegregate with the disease in different families and that 
have a causal relationship with the disease, as corroborated 
by functional studies (in vitro or animal models).20-22 In 
these genes, most of the genetic variants classified as either 
pathogenic or probably pathogenic are identified, facilitating 
the diagnosis and the clinical decision making. Other genes 
that may be included in the panel are called secondary or 
candidate genes; these are either ultrarare causes or their 
association with the disease is still uncertain.23,24 Thus, the 
level of evidence of their pathogenic potential is lower, 
resulting in a more frequent identification of more genetic 
variants of uncertain significance, which precludes molecular 
diagnosis of the disease.24,25 It is also worth pointing out 
that most of the genetic variants described are missense, 
and major deletions or duplications correspond to a low 
number of cases (1-3%).24,26 Major deletions or duplications 
was initially analyzed by multiplex ligation-dependent probe 
amplification (MLPA); however, nowadays, these genetic 
variants have been assessed by NGS panels by analysis of 
the copy number variation.26

In cases when the gene panel testing cannot be ordered 
for a patient with suspected CMP due to the clinical findings 
and family history, the cardiologist may opt for the clinical 
examination of first-degree relatives; if a family member with 
a well-established diagnosis is found, the gene panel may 
then be ordered.18 Specialized centers have used successful 
strategies of risk communications by letters, electronic 
applications, and telephone calls to raise families’ awareness 
about the importance of cardiological evaluation and genetic 
screening.27-30  It is recommended that risk communication be 
used in a context of genetic counseling.18,31-33

So far, the availability of gene panels in the context of the 
Brazilian unified health system has been limited to specific 
research projects carried out in public university hospitals. 
In addition, there is no obligation for the private healthcare 
system to cover gene panel tests,3,4 which we believe to change 
in coming years with the emergence of sufficient scientific 
evidence and the clinical, family and social impact of sudden 
death and heart failure.

Indications of genetic studies
Although there are particularities in the indication of genetic 

tests among the different types of CMPs, a trend can be seen.19 
Genetic CMPs have a key familial or hereditary character, 

and hence the genetic examination is always recommended, 
especially when the benefit of familial screening is clear.19,35,36 
The performance of the genetic test (percentage of cases in 
which a causal variant is identified) is variable among the CMPs 
(Table 1).37,38 It may be higher in individuals younger than 45 
years old, in those with a more pronounced phenotype and 
in individuals with a positive family history of CMP or sudden 
cardiac death.39

In Brazil, there has been a trend of cardiologists to order the 
genetic testing especially in borderline cases aiming at more 
accurate diagnosis and risk stratification. In these situations 
of uncertainty, although there is an indication for molecular 
analysis, its strength of recommendation is lower.35 Since 
these are borderline cases, the number of negative results is, 
as expected, lower, with no identification of a causal genetic 
variant. On the other hand, in right ventricular arrhythmogenic 
CMP, genetics plays an important role as a diagnostic criterion 
since in some cases the clinical findings are not definite for 
the diagnosis.10

In hypertrophic CMP, the use of genetics as a prognostic 
marker has not been consolidated, except in the identification 
of rare genotypes associated with high risk.35,40,41 Maybe 
because of it, the European guidelines on hypertrophic CMP 
suggest that genetic tests should be conducted at laboratories 
with expertise in the interpretation of genetic variants.35 On 
the other hand, risk stratification in dilated CMP has become 
a well-established indication in genetic studies. In dilated 
CMPs, the objective of genetic test is to identify etiologies 
with significant arrhythmia potential, in which variants in the 
lamin, filamin-C, or desmoplakin genes would be found.10 
For patients affected by variants in these genes, an early 
implantation of a cardioverter defibrillator is recommended 
if specific clinical markers are present.10,36

Special attention should be given to patients with genetic 
variants, likely to have syndromic presentations. Genetic 
testing may be applied in cases of extracardiac or even 
cardiac manifestations, known as red flags (Figure 2), with 
suggest a syndromic CMP.35,42 In hypertrophic CMP, in which 
syndromic presentations are also known as phenocopies, the 
molecular diagnosis may reveal the need for a multidisciplinary 
management due to possible involvement of other organs. 
Genes related to mitochondriopathies, malformation 
syndromes (e.g. RASopathies) and deposition diseases, among 
other inborn errors of metabolism have been associated with 
phenotypes that include hypertrophic forms of CMPs.35 This 
is also true for different syndromes in dilated CMP, especially 
neuromuscular diseases.42 Cardiologists should be aware that 
syndromic phenotypes are not always evident, and many 
of these patients reach adult age without an appropriate 
diagnosis. In some cases, cardiac manifestations may be the 
initial presentation of the disease, with need for implementing 
a multidisciplinary follow-up.

Finally, the genetic test is indicated for patients who had 
sudden cardiac death (identified in the autopsy reports or 
resuscitated patients).36 The definition of a genetic etiology 
allows to identify the cause, perform the family screening 
to identify or exclude family members at risk for the 
disease.10,35,36 In Brazil, an autopsy investigation of sudden 
cardiac death can be considered an exception, let alone 
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a post-mortem molecular analysis. Thus, in case of deaths 
probably due to a cardiovascular event, the physician may 
perform the clinical assessment of the family and initiate the 
genetic investigation, preferably by a NGS of the affected 
relative. When there is no family member affected, the 
indication for the genetic test may be controversial and 
discussed by a group of experts.

Pathogenicity of variants and family screening
Genetic variants (a better term than “mutation”) can 

be classified as pathogenic, likely pathogenic, variant of 
uncertain significance (VUS) and benign. This classification 
is based on several criteria defined by international 
consensuses,42 although many genes in CMPs have nuances 
for the classification of their variants.43-48 The classification 
of genetic variants is basically determined by the existing 
level of evidence, considering the description of affected 
families (causal relationship) versus their prevalence in the 
generally healthy population (benign variant). Molecular 
aspects and functional studies can also suggest deleterious 
effects (or not) of specific variants, reinforcing their 
pathogenetic profile.42 

When a pathogenic or a likely pathogenic variant is 
identified in the index-case of a family, molecular diagnosis 
and family screening should be performed.18,19 While genetic 
analysis is conducted by NGS panels that simultaneously 
evaluates a series of genes associated with a certain type of 
CMP, in family screening, the family members are genotyped 
exclusively for the familial variant identified by the Sanger 
sequencing.19 If a family member carrying the respective 
variant is identified, periodic monitoring and risk stratification 
of this individual is recommended. Relatives identified as 
non-carriers should be discharged from the follow-up.19,35 All 
first-degree relatives of a carrier should be assessed, which 
would be called the cascade screening. In our routine, it is 

not uncommon that the cardiologist ignores the hereditary 
aspect of genetic CMPs and does not even perform a clinical 
assessment of the family members when a genetic study is 
not available.

Clinicians should be careful in obtaining the family 
history, which may be unspecific. Patients’ reports of relatives 
who “died from infarction”, relatives using pacemakers or 
“with arrhythmias” should be valued, as well as cases of 
transplantation or reports of signs of heart failure (HF).18 
Although ischemic heart disease is known as the main 
cause of sudden death and HF, one should bear in mind 
that probably past generations have not undergone detailed 
clinical examinations compared with today, and a proper 
diagnosis is hampered by inaccurate reports. In addition, 
other clinical information should be valued when syndromic 
forms of CMP may be suspected, including neurological signs 
and renal failure.18 The variable expressivity of syndromic 
CMPs could determine a predominantly non-cardiac 
presentation in a family member who would also have a high 
cardiovascular risk. The construction of a genogram of three 
or more generations would allow better visualization of the 
members at risk and implementation of a more appropriate 
management at long term. In fact, the construction of 
a genealogical tree is currently recommended and may 
increase the diagnosis of CMP.18,49  

Although most of genetic etiologies of CMP are autosomal 
dominant, X-linked or even de novo (not-inherited variants) 
may also be identified.18 This information may guide the 
familial screening, by selecting relatives that should or should 
not be genotyped or clinically assessed, which would optimize 
the clinical management and costs of genetic testing in the 
family members.

Questions have been raised regarding the use of VUSs in 
clinical practice.50-52 These variants are so classified when their 
level of evidence are insufficient to confirm or exclude a causal 

Figure 2 – Systemic red flags in cardiomyopathies.

Learning disability
Mitochondrial diseases 

Noonan/Leopard
Costello syndrome/Danon disease

Neurosensorial
Anderson-Fabry
Leopard
Amyoloidosis

Muscle weakness
Mitochondrial diseases
Glycogen storage 
disease
FHL 1 mutations
Friedreich’s ataxia

Gait
Friedreich’s ataxia

Bilateral carpal tunnel syndrome
Spontaneous tendon rupture
Amyloidosis

Angiokeratoma 
Hypohidrosis

Vision
Ptosis

Through
Red-Flags

Electrocardiogram
Echocardiogram

Attention to systemic red flags in cardiomyopathies

Myotonic 
dystrophy



ABC Heart Fail Cardiomyop. 2023; 3(1):e202300365

Review Article

Lamounier Júnior et al.
Decoding Genetic Testing for the Cardiologist

relationship.42 In this case, familial screening with predictive 
purposes cannot be applied, neither can a molecular diagnosis be 
established.19,50 When a VUS is identified in a prioritized gene, a 
familial cosegregation analysis of the variant can be performed in 
the presence of an informative family (multiple individuals with 
the diagnosis of the disease).35 Multidisciplinary teams, specialized 
in genetic cardiology, have provided better communication and 
management of VUSs as compared to cardiologists alone,52 

and the clinical significance of these variants may be relevant 
in the expression of CMP.53 The classification of genetic variants 
may change over time with the increase of knowledge and of 
sequenced patients. Thus, patients with VUS may be assessed 
periodically to update the classification of the variants.51,54 It is also 
worth pointing out that the presence of a VUS in a gene associated 
with syndromic presentation may guide the propedeutics towards 
an extracardiac evaluation to search for a genotype-phenotype 
correlation that may elucidate the causal role of the variant, as 
reported, for example, in Fabry disease.55 

In family management, it is recommended that only children 
older than 10 years be genotyped.19 An exception would be 
families including pediatric patients affected. In some cases, the 
possibility of early treatment, as the enzyme replacement therapy 
in Fabry disease, the benefits in identifying younger carriers 
outweigh eventual ethical precautions.56

Family genetic testing should be conducted using a 
multidisciplinary counseling approach by a heart team including 
a geneticist.57 In Brazil, the geneticist is the only professional 
able to perform this testing, while in other countries, there is 
an organized, extensive formation to obtain the title of genetic 
counselor. Genetic counseling would allow a better approach 
and communication to patients about risks, pre- and post-test 
genetic counseling, investigation of syndromic forms and other 
heritage-related issues.57,58 This would facilitate the application 
of genetics in cardiology, similarly to what observed with cancer 
genetic counseling in oncology in Brazil.

Large gene panels
A cardiologist may ask: why are there large gene panels 

including so many genes available in the market if the number 
of prioritized genes is relatively small? This could be explained 
by different reasons.

Prioritized genes are mostly associated with non-syndromic 
forms of CMP. However, in different types of CMP, many genes 
associated with ultra-rare syndromic forms are identified, and 
many of them are included in these large panels, as occurs with 
NGS in hypertrophic CMP for example. In case of a suspected 
syndromic form, a large panel could be considered.19 In our 
practice, there is no large gene panel, available in the market, 
that exhaustively includes all genes possibly associated with the 
syndromic forms of CMP. An example are the RASopathies, a 
group of multisystemic syndromes related to the Ras-MAPK 
signaling pathway, that may be present in hypertrophic CMP and/
or congenital heart diseases, in which there are currently nearly 30 
genes implicated. The inclusion of RASopathy-associated genes 
to hypertrophic CMP panels has been shown to increase clinical 
diagnoses.59 However, none of the large gene panels available 
today includes all genes described in the different syndromes 
associated with Ras-MAPK signaling pathway.

In situations like this or in case of suspected ultra-rare etiologies, 
such as mitochondrial diseases or inborn metabolic disorders, the 
pathophysiology of CMP may be related to a large list of genes. In 
these cases, especially in pediatric cardiology, the whole-exome 
sequencing may be a viable option,60,61 with possible inclusion 
in the health care coverage established by the national health 
agency in Brazil. In addition, large gene panels can be used when 
the phenotype of the index-case is overlapped by different forms 
of CMP or when different types of the disease are manifested in 
the same family (e.g., hypertrophic CMP and non-compaction 
CMP). These are known as comprehensive CMP gene panels, 
that would be appropriately used in these situations. Also, there 
are comprehensive panels that, in addition to the CMP-associated 
genes, include those associated with channelopathies, or even 
aortopathies. Genetic studies may be ordered when there is no 
suspicion of the cause of sudden death in the family, or when 
cardiac arrhythmias or conduction disorder may be the first 
manifestation of a genetic CMP.62 

Conclusions
Genetic is a useful tool in the diagnosis, risk stratification and 

family management in CMPs. The guidelines provide established 
recommendations regarding its application, and recent studies 
have indicated a definition of the CMP subtypes that imply new 
treatment opportunities, greater assertiveness in risk stratification 
and will possibly lead to new classifications in this scenario. 
Despite its complexity, the challenge of the use of genetics may 
be overcome in daily practice, and multidisciplinary genetic 
counseling is recommended to optimize its use and the care 
provided.

Contribuição dos autores
Concepção e desenho da pesquisa e Revisão crítica do 

manuscrito quanto ao conteúdo intelectual importante: 
Lamounier Júnior A, Ávila DX, Barriales-Villa R; Obtenção 
de dados, Análise e interpretação dos dados e Redação do 
manuscrito: Lamounier Júnior A.

Potential conflict of interest 
Dr. Lamounier Jr has received consultant/advisor fees from 

Sanofy, BioLab Farma, Grupo Fleury Pardini and Health and 
Code SL. Dr. Barriales-Villa has received consultant/advisor fees 
from MyoKardia/Bristol Myers Squibb, Cytokinetics, Sanofy, Pfizer, 
Alnaylam, Chiesi and Amicus Therapeutics.

Sources of funding 
There were no external funding sources for this study. 

Study association 
This article is part of the thesis of doctoral submitted by Arsonval 

Lamounier Júnior, from Universidad de la Coruña.

Ethics approval and consent to participate 
This article does not contain any studies with human 

participants or animals performed by any of the authors.



ABC Heart Fail Cardiomyop. 2023; 3(1):e20230036 6

Review Article

Lamounier Júnior et al.
Decoding Genetic Testing for the Cardiologist

1.	 Burke MA, Cook SA, Seidman JG, Seidman CE. Clinical and Mechanistic 
Insights Into the Genetics of Cardiomyopathy. J Am Coll Cardiol. 
2016;68(25):2871-86. doi: 10.1016/j.jacc.2016.08.079.

2.	 Yamada T, Nomura S. Recent Findings Related to Cardiomyopathy 
and Genetics. Int J Mol Sci. 2021;22(22):12522. doi: 10.3390/
ijms222212522.

3.	 Gandjbakhch E, Redheuil A, Pousset F, Charron P, Frank R. Clinical 
Diagnosis, Imaging, and Genetics of Arrhythmogenic Right Ventricular 
Cardiomyopathy/Dysplasia: JACC State-of-the-Art Review. J Am Coll 
Cardiol. 2018;72(7):784-804. doi: 10.1016/j.jacc.2018.05.065.

4.	 Maron BJ, Desai MY, Nishimura RA, Spirito P, Rakowski H, Towbin JA, 
et al. Diagnosis and Evaluation of Hypertrophic Cardiomyopathy: JACC 
State-of-the-Art Review. J Am Coll Cardiol. 2022;79(4):372-89. doi: 
10.1016/j.jacc.2021.12.002.

5.	 Hershberger RE, Cowan J, Jordan E, Kinnamon DD. The Complex and 
Diverse Genetic Architecture of Dilated Cardiomyopathy. Circ Res. 
2021;128(10):1514-32. doi: 10.1161/CIRCRESAHA.121.318157.

6.	 Towbin JA, Lorts A, Jefferies JL. Left Ventricular Non-Compaction 
Cardiomyopathy. Lancet. 2015;386(9995):813-25. doi: 10.1016/
S0140-6736(14)61282-4.

7.	 Rapezzi C, Aimo A, Barison A, Emdin M, Porcari A, Linhart A, et al. 
Restrictive Cardiomyopathy: Definition and Diagnosis. Eur Heart J. 
2022;43(45):4679-93. doi: 10.1093/eurheartj/ehac543.

8.	 Arbustini E, Narula N, Tavazzi L, Serio A, Grasso M, Favalli V, et al. The 
MOGE(S) Classification of Cardiomyopathy for Clinicians. J Am Coll 
Cardiol. 2014;64(3):304-18. doi: 10.1016/j.jacc.2014.05.027.

9.	 Elliott P. Towards a New Classification of Cardiomyopathies. Curr Cardiol 
Rep. 2023;25(4):229-33. doi: 10.1007/s11886-023-01849-y.

10.	 Towbin JA, McKenna WJ, Abrams DJ, Ackerman MJ, Calkins H, 
Darrieux FCC, et al. 2019 HRS Expert Consensus Statement on 
Evaluation, Risk Stratification, and Management of Arrhythmogenic 
Cardiomyopathy. Heart Rhythm. 2019;16(11):e301-e372. doi: 
10.1016/j.hrthm.2019.05.007.

11.	 Lorenzini M, Norrish G, Field E, Ochoa JP, Cicerchia M, Akhtar MM, et 
al. Penetrance of Hypertrophic Cardiomyopathy in Sarcomere Protein 
Mutation Carriers. J Am Coll Cardiol. 2020;76(5):550-9. doi: 10.1016/j.
jacc.2020.06.011.

12.	 Shah RA, Asatryan B, Dabbagh GS, Aung N, Khanji MY, Lopes LR, 
et al. Frequency, Penetrance, and Variable Expressivity of Dilated 
Cardiomyopathy-Associated Putative Pathogenic Gene Variants in UK 
Biobank Participants. Circulation. 2022;146(2):110-24. doi: 10.1161/
CIRCULATIONAHA.121.058143.

13.	 Reinstein E, Gutierrez-Fernandez A, Tzur S, Bormans C, Marcu S, 
Tayeb-Fligelman E, et al. Congenital Dilated Cardiomyopathy Caused by 
Biallelic Mutations in Filamin C. Eur J Hum Genet. 2016;24(12):1792-6. 
doi: 10.1038/ejhg.2016.110.

14.	 Wessels MW, Herkert JC, Frohn-Mulder IM, Dalinghaus M, van 
den Wijngaard A, de Krijger RR, et al. Compound Heterozygous 
or  Homozygous Truncat ing MYBPC3 Mutat ions Cause Lethal 
Cardiomyopathy with Features of Noncompaction and Septal Defects. 
Eur J Hum Genet. 2015;23(7):922-8. doi: 10.1038/ejhg.2014.211.

15.	 Zahka K, Kalidas K, Simpson MA, Cross H, Keller BB, Galambos C, et 
al. Homozygous Mutation of MYBPC3 Associated with Severe Infantile 
Hypertrophic Cardiomyopathy at High Frequency among the Amish. 
Heart. 2008;94(10):1326-30. doi: 10.1136/hrt.2007.127241.

16.	 Heliö K, Mäyränpää MI, Saarinen I, Ahonen S, Junnila H, Tommiska 
J, et al. GRINL1A Complex Transcription Unit Containing GCOM1, 
MYZAP, and POLR2M Genes Associates with Fully Penetrant Recessive 
Dilated Cardiomyopathy. Front Genet. 2021;12:786705. doi: 10.3389/
fgene.2021.786705.

17.	 McKenna WJ, Judge DP. Epidemiology of the Inherited Cardiomyopathies. 
Nat Rev Cardiol. 2021;18(1):22-36. doi: 10.1038/s41569-020-0428-2.

18.	 Charron P, Arad M, Arbustini E, Basso C, Bilinska Z, Elliott P, et al. Genetic 
Counselling and Testing in Cardiomyopathies: A Position Statement of 
the European Society of Cardiology Working Group on Myocardial and 
Pericardial Diseases. Eur Heart J. 2010;31(22):2715-26. doi: 10.1093/
eurheartj/ehq271.

19.	 Wilde AAM, Semsarian C, Márquez MF, Shamloo AS, Ackerman MJ, 
Ashley EA, et al. European Heart Rhythm Association (EHRA)/Heart 
Rhythm Society (HRS)/Asia Pacific Heart Rhythm Society (APHRS)/Latin 
American Heart Rhythm Society (LAHRS) Expert Consensus Statement 
on the State of Genetic Testing for Cardiac Diseases. J Arrhythm. 
2022;38(4):491-553. doi: 10.1002/joa3.12717.

20.	 Mazzarotto F, Girolami F, Boschi B, Barlocco F, Tomberli A, Baldini K, et 
al. Defining the Diagnostic Effectiveness of Genes for Inclusion in Panels: 
The Experience of Two Decades of Genetic Testing for Hypertrophic 
Cardiomyopathy at a Single Center. Genet Med. 2019;21(2):284-92. 
doi: 10.1038/s41436-018-0046-0.

21.	 Daoud H, Ghani M, Nfonsam L, Potter R, Ordorica S, Haslett V, 
et al. Genetic Diagnostic Testing for Inherited Cardiomyopathies: 
Considerations for Offering Multi-Gene Tests in a Health Care Setting. J 
Mol Diagn. 2019;21(3):437-448. doi: 10.1016/j.jmoldx.2019.01.004.

22.	 Pan S, Caleshu CA, Dunn KE, Foti MJ, Moran MK, Soyinka O, et al. Cardiac 
Structural and Sarcomere Genes Associated with Cardiomyopathy 
Exhibit Marked Intolerance of Genetic Variation. Circ Cardiovasc Genet. 
2012;5(6):602-10. doi: 10.1161/CIRCGENETICS.112.963421.

23.	 Mademont-Soler I, Mates J, Yotti R, Espinosa MA, Pérez-Serra A, 
Fernandez-Avila AI, et al. Additional Value of Screening for Minor Genes 
and Copy Number Variants in Hypertrophic Cardiomyopathy. PLoS One. 
2017;12(8):e0181465. doi: 10.1371/journal.pone.0181465.

24.	 Hoss S, Habib M, Silver J, Care M, Chan RH, Hanneman K, et al. 
Genetic Testing for Diagnosis of Hypertrophic Cardiomyopathy 
Mimics: Yield and Clinical Significance. Circ Genom Precis Med. 
2020;13(2):e002748. doi: 10.1161/CIRCGEN.119.002748.

25.	 Mazzaccara C, Lombardi R, Mirra B, Barretta F, Esposito MV, Uomo 
F, et al. Next-Generation Sequencing Gene Panels in Inheritable 
Cardiomyopathies and Channelopathies: Prevalence of Pathogenic 
Variants and Variants of Unknown Significance in Uncommon Genes. 
Biomolecules. 2022;12(10):1417. doi: 10.3390/biom12101417.

26.	 Janin A, Januel L, Cazeneuve C, Delinière A, Chevalier P, Millat G. 
Molecular Diagnosis of Inherited Cardiac Diseases in the Era of Next-
Generation Sequencing: A Single Center’s Experience Over 5 Years. Mol 
Diagn Ther. 2021;25(3):373-85. doi: 10.1007/s40291-021-00530-w.

27.	 van der Roest WP, Pennings JM, Bakker M, van den Berg MP, van Tintelen 
JP. Family Letters are an Effective Way to Inform Relatives about Inherited 
Cardiac Disease. Am J Med Genet A. 2009;149A(3):357-63. doi: 
10.1002/ajmg.a.32672.

28.	 Jacome LLS, Dellefave-Castillo LM, Wicklund CA, Scherr CL, Duquette 
D, Webster G, et al. Practitioners’ Confidence and Desires for Education 
in Cardiovascular and Sudden Cardiac Death Genetics. J Am Heart 
Assoc. 2022;11(7):e023763. doi: 10.1161/JAHA.121.023763.

29.	 van den Heuvel LM, Stemkens D, van Zelst-Stams WAG, Willeboordse F, 
Christiaans I. How to Inform At-Risk Relatives? Attitudes of 1379 Dutch 
Patients, Relatives, and Members of the General Population. J Genet 
Couns. 2020;29(5):786-99. doi: 10.1002/jgc4.1206.

30.	 Otten E, Birnie E, Ranchor AV, van Langen IM. Online Genetic 
Counseling from the Providers’ Perspective: Counselors’ Evaluations 
and a Time and Cost Analysis. Eur J Hum Genet. 2016;24(9):1255-61. 
doi: 10.1038/ejhg.2015.283.

References



ABC Heart Fail Cardiomyop. 2023; 3(1):e202300367

Review Article

Lamounier Júnior et al.
Decoding Genetic Testing for the Cardiologist

31.	 Fellmann F, Jeanrenaud X, Sekarski N, Michaud K, Hersch D, Fodstad 
H, et al. Multidisciplinary Cardiogenetic Counselling. Rev Med Suisse. 
2017;13(564):1094-9.

32.	 Otten E, Birnie E, Ranchor AV, van Tintelen JP, van Langen IM. A 
Group Approach to Genetic Counselling of Cardiomyopathy Patients: 
Satisfaction and Psychological Outcomes Sufficient for Further 
Implementation. Eur J Hum Genet. 2015;23(11):1462-7. doi: 10.1038/
ejhg.2015.10.

33.	 Nieuwhof K, Birnie E, van den Berg MP, de Boer RA, van Haelst PL, van 
Tintelen JP, et al. Follow-up Care by a Genetic Counsellor for Relatives 
at Risk for Cardiomyopathies is Cost-Saving and Well-Appreciated: A 
Randomised Comparison. Eur J Hum Genet. 2017;25(2):169-75. doi: 
10.1038/ejhg.2016.155.

34.	 Agência Nacional de Saúde Suplementar. Rol de Procedimentos e 
Eventos em Saúde 2021. Anexo II: Diretrizes para Utilização para 
Cobertura de Procedimentos na Saúde Suplementar (RDC 465/2021) 
[Internet]. Brasília: ANS; 2021 [cited 2023 Apr 12]. Available from: 
https://www.gov.br/ans/pt-br/arquivos/assuntos/consumidor/o-que-
seu-plano-deve-cobrir/anexo_ii_dut_2021_rn_4652021.pdf/view.

35.	 Elliott PM, Anastasakis A, Borger MA, Borggrefe M, Cecchi F, Charron P, et 
al. 2014 ESC Guidelines on Diagnosis and Management of Hypertrophic 
Cardiomyopathy: The Task Force for the Diagnosis and Management of 
Hypertrophic Cardiomyopathy of the European Society of Cardiology 
(ESC). Eur Heart J. 2014;35(39):2733-79. doi: 10.1093/eurheartj/
ehu284.

36.	 Priori SG, Blomström-Lundqvist C, Mazzanti A, Blom N, Borggrefe M, 
Camm J, et al. 2015 ESC Guidelines for the Management of Patients 
with Ventricular Arrhythmias and the Prevention of Sudden Cardiac 
Death: The Task Force for the Management of Patients with Ventricular 
Arrhythmias and the Prevention of Sudden Cardiac Death of the 
European Society of Cardiology (ESC). Endorsed by: Association for 
European Paediatric and Congenital Cardiology (AEPC). Eur Heart J. 
2015;36(41):2793-867. doi: 10.1093/eurheartj/ehv316.

37.	 Hershberger RE, Givertz MM, Ho CY, Judge DP, Kantor PF, McBride KL, et 
al. Genetic Evaluation of Cardiomyopathy: A Clinical Practice Resource 
of the American College of Medical Genetics and Genomics (ACMG). 
Genet Med. 2018;20(9):899-909. doi: 10.1038/s41436-018-0039-z.

38.	 Hershberger RE, Givertz MM, Ho CY, Judge DP, Kantor PF, McBride KL, 
et al. Genetic Evaluation of Cardiomyopathy-A Heart Failure Society 
of America Practice Guideline. J Card Fail. 2018;24(5):281-302. doi: 
10.1016/j.cardfail.2018.03.004.

39.	 Lopes LR, Syrris P, Guttmann OP, O’Mahony C, Tang HC, Dalageorgou C, 
et al. Novel Genotype-Phenotype Associations Demonstrated by High-
Throughput Sequencing in Patients with Hypertrophic Cardiomyopathy. 
Heart. 2015;101(4):294-301. doi: 10.1136/heartjnl-2014-306387.

40.	 García-Giustiniani D, Arad M, Ortíz-Genga M, Barriales-Villa R, 
Fernández X, Rodríguez-García I, et al. Phenotype and Prognostic 
Correlations of the Converter Region Mutations Affecting the β 
Myosin Heavy Chain. Heart. 2015;101(13):1047-53. doi: 10.1136/
heartjnl-2014-307205.

41.	 Maron BJ, Roberts WC, Arad M, Haas TS, Spirito P, Wright GB, 
et al .  Cl inical Outcome and Phenotypic Expression in LAMP2 
Cardiomyopathy. JAMA. 2009;301(12):1253-9. doi: 10.1001/
jama.2009.371.

42.	 Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards 
and Guidelines for the Interpretation of Sequence Variants: A Joint 
Consensus Recommendation of the American College of Medical 
Genetics and Genomics and the Association for Molecular Pathology. 
Genet Med. 2015;17(5):405-24. doi: 10.1038/gim.2015.30.

43.	 Morales A, Kinnamon DD, Jordan E, Platt J, Vatta M, Dorschner MO, 
et al. Variant Interpretation for Dilated Cardiomyopathy: Refinement 
of the American College of Medical Genetics and Genomics/ClinGen 
Guidelines for the DCM Precision Medicine Study. Circ Genom Precis 
Med. 2020;13(2):e002480. doi: 10.1161/CIRCGEN.119.002480.

44.	 Mattivi CL, Bos JM, Bagnall RD, Nowak N, Giudicessi JR, Ommen SR, 
et al. Clinical Utility of a Phenotype-Enhanced MYH7-Specific Variant 
Classification Framework in Hypertrophic Cardiomyopathy Genetic 
Testing. Circ Genom Precis Med. 2020;13(5):453-59. doi: 10.1161/
CIRCGEN.120.003039.

45.	 Richmond CM, James PA, Pantaleo SJ, Chong B, Lunke S, Tan TY, et 
al. Clinical and Laboratory Reporting Impact of ACMG-AMP and 
Modified ClinGen Variant Classification Frameworks in MYH7-Related 
Cardiomyopathy. Genet Med. 2021;23(6):1108-15. doi: 10.1038/
s41436-021-01107-y.

46.	 Walsh R, Thomson KL, Ware JS, Funke BH, Woodley J, McGuire KJ, 
et al. Reassessment of Mendelian Gene Pathogenicity Using 7,855 
Cardiomyopathy Cases and 60,706 Reference Samples. Genet Med. 
2017;19(2):192-203. doi: 10.1038/gim.2016.90.

47.	 Ware JS, Cook SA. Role of Titin in Cardiomyopathy: From DNA Variants 
to Patient Stratification. Nat Rev Cardiol. 2018;15(4):241-52. doi: 
10.1038/nrcardio.2017.190.

48.	 VanDyke RE, Hashimoto S, Morales A, Pyatt RE, Sturm AC. Impact 
of Variant Reclassification in the Clinical Setting of Cardiovascular 
Genetics. J Genet Couns. 2021;30(2):503-12. doi: 10.1002/jgc4.1336.

49.	 Seidelmann SB, Laur O, Hwa J, Depasquale E, Bellumkonda L, Sugeng 
L, et al. Familial Dilated Cardiomyopathy Diagnosis is Commonly 
Overlooked at the Time of Transplant Listing. J Heart Lung Transplant. 
2016;35(4):474-80. doi: 10.1016/j.healun.2015.12.002.

50.	 Gómez J, Reguero JR, Coto E. The Ups and Downs of Genetic Diagnosis 
of Hypertrophic Cardiomyopathy. Rev Esp Cardiol. 2016;69(1):61-8. 
doi: 10.1016/j.rec.2015.10.001.

51.	 Bonaventura J, Polakova E, Vejtasova V, Veselka J. Genetic Testing 
in Patients with Hypertrophic Cardiomyopathy. Int J  Mol Sci . 
2021;22(19):10401. doi: 10.3390/ijms221910401.

52.	 Muller RD, McDonald T, Pope K, Cragun D. Evaluation of Clinical 
Practices Related to Variants of Uncertain Significance Results in 
Inherited Cardiac Arrhythmia and Inherited Cardiomyopathy Genes. 
Circ Genom Precis Med. 2020;13(4):e002789. doi: 10.1161/
CIRCGEN.119.002789.

53.	 Pottinger TD, Puckelwartz MJ, Pesce LL, Robinson A, Kearns S, Pacheco 
JA, et al. Pathogenic and Uncertain Genetic Variants Have Clinical 
Cardiac Correlates in Diverse Biobank Participants. J Am Heart Assoc. 
2020;9(3):e013808. doi: 10.1161/JAHA.119.013808.

54.	 McVeigh TP, Kelly LJ, Whitmore E, Clark T, Mullaney B, Barton DE, et al. 
Managing Uncertainty in Inherited Cardiac Pathologies-An International 
Multidisciplinary Survey. Eur J Hum Genet. 2019;27(8):1178-85. doi: 
10.1038/s41431-019-0391-8.

55.	 Smid BE, van der Tol L, Cecchi F, Elliott PM, Hughes DA, Linthorst GE, et 
al. Uncertain Diagnosis of Fabry Disease: Consensus Recommendation 
on Diagnosis in Adults with Left Ventricular Hypertrophy and Genetic 
Variants of Unknown Significance. Int J Cardiol. 2014;177(2):400-8. 
doi: 10.1016/j.ijcard.2014.09.001.

56.	 Germain DP, Fouilhoux A, Decramer S, Tardieu M, Pillet P, Fila M, 
et al. Consensus Recommendations for Diagnosis, Management 
and Treatment of Fabry Disease in Paediatric Patients. Clin Genet. 
2019;96(2):107-17. doi: 10.1111/cge.13546.

57.	 Yogasundaram H, Alhumaid W, Dzwiniel T, Christian S, Oudit GY. 
Cardiomyopathies and Genetic Testing in Heart Failure: Role in Defining 
Phenotype-Targeted Approaches and Management. Can J Cardiol. 
2021;37(4):547-59. doi: 10.1016/j.cjca.2021.01.016.

58.	 Girolami F, Gozzini A, Pálinkás ED, Ballerini A, Tomberli A, Baldini K, et 
al. Genetic Testing and Counselling in Hypertrophic Cardiomyopathy: 
Frequently Asked Questions. J Clin Med. 2023;12(7):2489. doi: 
10.3390/jcm12072489.

59.	 Ceyhan-Birsoy O, Miatkowski MM, Hynes E, Funke BH, Mason-Suares 
H. NGS Testing for Cardiomyopathy: Utility of Adding RASopathy-



ABC Heart Fail Cardiomyop. 2023; 3(1):e20230036 8

Review Article

Lamounier Júnior et al.
Decoding Genetic Testing for the Cardiologist

This is an open-access article distributed under the terms of the Creative Commons Attribution License

Associated Genes. Hum Mutat. 2018;39(7):954-8. doi: 10.1002/
humu.23535.

60.	 LaDuca H, Farwell KD, Vuong H, Lu HM, Mu W, Shahmirzadi L, et al. 
Exome Sequencing Covers >98% of Mutations Identified on Targeted 
Next Generation Sequencing Panels. PLoS One. 2017;12(2):e0170843. 
doi: 10.1371/journal.pone.0170843.

61.	 Ritter A, Bedoukian E, Berger JH, Copenheaver D, Gray C, Krantz I, et 
al. Clinical Utility of Exome Sequencing in Infantile Heart Failure. Genet 
Med. 2020;22(2):423-6. doi: 10.1038/s41436-019-0654-3.

62.	 Laws JL, Lancaster MC, Shoemaker MB, Stevenson WG, Hung RR, Wells 
Q, et al. Arrhythmias as Presentation of Genetic Cardiomyopathy. Circ 
Res. 2022;130(11):1698-722. doi: 10.1161/CIRCRESAHA.122.319835.


