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The field of cardiovascular genetics has 
tremendously benefited from the recent application 
of massive parallel sequencing technology also 
referred to as next generation sequencing (NGS). 
However, along with the discovery of additional 
genes associated with human cardiac diseases, the 
analysis of large dataset of genetic information 
uncovered a much more complex and variegated 
landscape, which often departs from the comfort 
zone of the monogenic Mendelian diseases 
image that clinical molecular geneticists have 
been well acquainted with for many decades. It 
is now clear that, in addition to highly penetrant 
genetic variants, which in isolation are able to 
recapitulate the full clinical presentation when 
expressed in animal models, we are now aware 
that a small but significant fraction of subjects 
presenting with cardiac muscle diseases such as 
cardiomyopathies or primary arrhythmias such 
as long QT syndrome (LQTS), may harbor at 
least two deleterious variants in the same gene 
(compound heterozygous) or in different gene 
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(double heterozygous). Although the clinical presentation in subjects with more than one 
deleterious variant appears to be more severe and with an earlier disease onset, it somehow 
changes the viewpoint of clinical molecular geneticists whose aim is to identify all possible 
genetic contributors to a human condition. In this light, the employment in clinical diagnostics 
of the NGS technology, allowing the simultaneous interrogation of a DNA target spanning 
from large panel of genes up to the entire genome, will definitely aid at uncovering all such 
contributors, which will have to be tested functionally to confirm their role in human cardiac 
conditions. The uncovering of all clinically relevant deleterious changes associated with a 
cardiovascular disease would probably increase our understanding of the clinical variability 
commonly occurring among affected family relatives, and potentially provide with unexpected 
therapeutic targets for the treatment of symptoms related to the presence of “accessory” 
deleterious genetic variants other than the key molecular culprit. The objective of this Research 
Topic is to explore the current challenges presenting to the cardiovascular genetics providers, 
such as clinical geneticists, genetic counselors, clinical molecular geneticists and molecular 
pathologists involved in the diagnosis, counseling, testing and interpretation of genetic tests 
results for the comprehensive management of patients affected by cardiovascular genetic 
disorders.
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Editorial on the Research Topic

Current Challenges in Cardiovascular Molecular Diagnostics

In the last 10 years, the development of massive parallel sequencing technology, commonly referred 
to as next-generation-sequencing (NGS) technologies, carried the genetic field in a new era, open-
ing unexplored avenues in the research of inherited cardiovascular disease (1).

As any new technology, when based on solid experimental observations and on real innovation, 
primarily generates a lot of enthusiasm among researchers as well as among patients, especially 
when it reaches a broader audience through the media coverage. However, as for every technology, 
along with the promises, the technical limitations inevitably appear, prompting more questions and 
further development. The technical refinement and the need for more robust and reliable assay 
validation standards delayed the introduction of NGS in clinical practice and the development of 
consensus standard operating procedure for the incorporation of NGS in the laboratory guidelines 
as the new standard test for the molecular diagnosis of inherited cardiovascular disease.

Here, we provide a brief review of the potential new applications and current challenges associ-
ated with the widespread use of NGS and the strategies that still need to be implemented to consider 
NGS a critical and sustainable tool for the diagnosis of cardiovascular diseases, and the detection of 
all at-risk family members.

In this research topic, we tried to raise awareness about the complexity of the issues that 
cardiologists and genetic practitioners have face. In particular, here we discuss the challenges in 
cardiovascular molecular diagnostics by targeting four aspects spanning different clinical specialties 
and timeframes, from the diagnosis to the treatment of patients. The management of patients affected 
by a genetic cardiovascular disease has changed substantially over the last decade. As a result, it is 
of critical importance to developed common managing strategies among multi-disciplinary stake-
holders, and being able to synthesize the large quantity of information generated by the healthcare 
procedures, including the genetic testing laboratory, in order to provide the best care options for the 
patients and their families (2).

PatiENtS SElECtioN aNd iNdiCatioN to GENEtiC tEStiNG

In the last years, thanks to the development of the concept of precision genomic medicine, an unprec-
edented proliferation of genetics- and genomics-guided testing has been proposed.

Although a variety of testing guidelines have been indicated by the European and American 
Societies of Cardiology (AHA, ACC, ESC, and HRS), the “real world” scenario is more heterogeneous; 
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the optimal classification of individuals for molecular testing in 
inherited cardiovascular disease remains difficult (3). Genetic 
testing should be undertaken, indeed, only if considerable suspi-
cion for an underlying genetic cardiovascular disease is present 
and always proposed after a comprehensive clinical evaluation, 
including, but not limited to, a detailed family history, cardiovas-
cular work-up, and assessment for multisystem syndromes.

As we are all learning from NGS, the clinical utility of genetic 
testing is highly dependent on the pretest probability of each 
disease; common pitfalls associated with the inappropriate use 
of genetic testing, namely, poor phenotyping and inappropriate 
genetic test selection are very often able to hamper the diagnostic 
yield and the risk of encountering false-positive results.

NGS aPProaCH to adoPt

Next-generation sequencing can be applied to panels of genes, 
to the exome, namely the targeting of all coding exons, or the 
whole genome in clinical settings exome sequencing (ES) and 
genome sequencing (GS) are mainly adopted for gene discovery 
and used as clinical testing only when a clinical diagnosis cannot 
unequivocally be established. Differently, gene panels represent a 
good compromise between testing just a few genes and obtaining 
information from the exome. This approach is usually employed 
when a clinical diagnosis has been reached and does not lend 
itself to the identification of novel genes (4).

In order to fulfill the diagnostic necessities and homogenize 
the diagnostic procedures for different cardiac conditions, the 
design of custom target sequencing panels requires an in-depth 
knowledge of the specific disease and accuracy in the selection of 
the genes to analyze, according to their level of evidence.

The numbers of genes included in each panel can differ between 
laboratories. Some laboratories apply the strategy to include only 
“major genes” for which substantial literature is reported. Other 
panels include a larger gene set that includes the aforementioned 
major genes and additional “minor genes,” for which evidence is 
still accruing.

According to these considerations, it is important to highlight 
that when planning the development of a targeted gene panel, the 
main challenge is to define its main application and the targeted 
phenotypes for which the test is conceived.

VariaNt iNtErPrEtatioN

The assessment of the pathogenicity of genetic variants is of 
crit ical importance. The high variability of the human genome 
calls to exercise extreme caution to avoid the misinterpreta-
tion of the identified genetic variants. Especially important for 
clinical genetic laboratories have been the development of large 
databases of control individuals, aiming at mimicking the genetic 
behavior of variants in a general population. When a variant is 
identified in a patient, we can now analyze its frequency in the 
largest open source database, namely the Genome Aggregation 
Database, which comprises of the data from sequencing 123,136 
exomes and 15,496 genomes (http://gnomad.broadinstitute.org) 

(5). In addition to the variant frequency, evidence such as family 
studies, functional analysis, and biocomputational assessments 
need to be considered.

Deciding how to categorize and weigh each type of evidence 
is really challenging, and it is, therefore, difficult to validate 
approaches to variant assessment, particularly for variants that 
have limited evidence, usually identified by GS or ES.

This issue actually needs the collective experience of experts 
in the community to begin to build commonly validated 
approach to variant classification. Starting from the collabora-
tion of a group of experts ACMG and Association for Molecular 
Pathology in 2015 developed a framework for evidence evalua-
tion. This framework is now in revision in order to be personal-
ized according to the gene variation (6).

SUStaiNaBilitY oF GENEtiC tEStiNG  
iN tHE “rEal World”

When evaluating a genetic testing strategy, it is important to take into 
account the costs of that strategy and to determine if the increases 
in effectiveness are worth the additional costs that broader testing 
strategies incur. Genetic testing, although generally accepted by 
the medical community as an increasingly fundamental tool for 
patients’ management, remains a relatively expensive test for which, 
identifying who should bear the economic burden, remains often 
challenging. In particular, the heterogeneity of political and socio-
economical systems make genetic testing a very different experi-
ence for patients and their family in various countries across the 
globe. Too often, the economic burden of genetic testing is loaded 
onto the pockets of the patients and their families, while apart from 
the few countries with a national program to fund genetic testing as 
every other clinical test, other systems rely on third parties for the 
management of medical expenses (7). However, contrary to what 
occurred with genetic testing for cancer, the equal acknowledg-
ment of the service provided by genetic laboratories to thousands 
of cardiovascular patients has yet to be achieved.

rEMarK CoNClUSiVE

The last few decades have brought much technological advances, 
which have forever changed the landscape of clinical genetic 
testing. Despite the natural enthusiasm for those changes, much 
remains to be done for the optimal application of the massive 
parallel sequencing technology we commonly refer to as NGS. 
Although NGS represents a powerful testing tool, it can reach its 
full potential only if integrated with improved clinical diagnos-
tics, refinement of the sequencing strategy, standardized variant 
interpretation, and economic sustainability, which requires 
genetic testing to be embraced as standard clinical practice by the 
healthcare community in its entirety.
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For the last 10  years, applying new sequencing technologies to thousands of whole 
exomes has revealed the high variability of the human genome. Extreme caution should 
thus be taken to avoid misinterpretation when associating rare genetic variants to dis-
ease susceptibility. The Brugada syndrome (BrS) is a rare inherited arrhythmia disease 
associated with high risk of sudden cardiac death in the young adult. Familial inheritance 
has long been described as Mendelian, with autosomal dominant mode of transmission 
and incomplete penetrance. However, all except 1 of the 23 genes previously associated 
with the disease have been identified through a candidate gene approach. To date, 
only rare coding variants in the SCN5A gene have been significantly associated with 
the syndrome. However, the genotype/phenotype studies conducted in families with 
SCN5A mutations illustrate the complex mode of inheritance of BrS. This genetic com-
plexity has recently been confirmed by the identification of common polymorphic alleles 
strongly associated with disease risk. The implication of both rare and common variants 
in BrS susceptibility implies that one should first define a proper genetic model for BrS 
predisposition prior to applying molecular diagnosis. Although long remains the way to 
personalized medicine against BrS, the high phenotype variability encountered in familial 
forms of the disease may partly find an explanation into this specific genetic architecture.

Keywords: Brugada syndrome, genetics, sudden death, cardiac arrhythmias, SCN5A

iNTRODUCTiON

The Brugada syndrome (BrS) is a rare inherited arrhythmia disease, first described in 1992, increas-
ing the risk of ventricular fibrillation in apparently healthy young adults (1). It is suspected to be 
involved in 4–12% of cases of sudden cardiac death (SCD) in the general population and in at least 
20% of SCD in patients with a structurally normal heart (1–3).

Clinical diagnosis is based on a specific electrocardiographic (ECG) pattern defined in three 
consecutive consensus conferences (4–6). This ECG pattern, previously known as “type 1” ECG 
pattern, is defined as a ST segment elevation with a coved-type morphology ≥0.2 mV in one lead 
among the right precordial leads V1 and V2, positioned in the second, third, or fourth intercostal 
space occurring either spontaneously or after provocative drug test with intravenous administra-
tion of Class I antiarrhythmic drugs (6) (Figure 1). The ECG pattern may be transient in affected 
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FiGURe 1 | Ajmaline testing reveals the Brugada eCG pattern. ECG pattern is recorded at 1 mm/10 mV and 25 mm/s. Baseline ECG without aspect of BrS 
(left side). Type 1 Brugada pattern on the right precordial leads at the end of the test (right side).
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patients (7). To address this issue, unmasking drugs, such as 
ajmaline, flecainide, and procainamide, can be used to reveal this 
pattern (8), ajmaline showing higher sensitivity than flecainide 
and procainamide (4, 9, 10).

The high variability of the ECG pattern impairs proper assess-
ment of its prevalence in the general population. Epidemiological 
studies have produced heterogeneous results regarding BrS 
incidence across the World. While estimated at 5 for 10,000 in 
western Europe and the USA, the prevalence of BrS seems higher 
in Southeast Asia, reaching 20 for 10,000 (11–13).

Aborted SCD is often the first symptom in BrS, with a mean 
age of 45 years at diagnosis and a four-time higher incidence in 
men than in women (14, 15). A third of the affected patients are 
identified after syncope, frequently preceded by vagal symptoms 
(14). The syncope could either be due to non-sustained VF or 
to a vaso-vagal episode without direct clinical relevance, render-
ing it hard for the practitioner to distinguish arrhythmic from 
 non-arrhythmic etiology (16, 17). The majority of patients are 
asymptomatic at time of diagnosis. More than one-third of cases 
are identified during familial screening (14).

Implantation of a defibrillator is still the only efficient therapy 
in high-risk patients, with a 48% rate of appropriate device 
therapy at 10  years in patients with previous aborted sudden 
death. This rate falls to 12% among implanted asymptomatic 
patients, many affected patients remaining asymptomatic dur-
ing all their life. Furthermore, device-related complications are 
frequent with a 30% risk at 10-year follow-up mainly due to lead 
dysfunction, inappropriate therapy, and infection (18, 19). These 
serious side effects in comparison to the very low arrhythmic risk 
for asymptomatic patients require accurate risk stratification and/
or efficient drug therapy.

Only few clinical parameters allow risk stratification in BrS. The 
effectiveness of ventricular stimulation is still a matter of debate, 
and symptoms and spontaneous ECG pattern are still the two major 
parameters enabling risk stratification for SCD (6, 14, 20–23).

There is still need for medical therapies that could reduce 
arrhythmia occurrence and prevent SCD. Because successful tri-
als were reported in limited series of patients, quinidine has been 
expected to be “the drug” for BrS. However, several recent studies 
failed to demonstrate its beneficial effects (6, 24–27).
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FiGURe 2 | The complex inheritance pattern of BrS. Modified from Ref. (41). Incomplete penetrance of the SCN5A mutation is illustrated by the presence of 
unaffected carriers of the mutation (+). The patient highlighted by an ellipse presents with a BrS ECG aspect, despite the absence of the familial mutation. Affected 
family members carrying the SCN5A mutation present with progressive cardiac conduction disease (PCCD) (right half-filled symbol), BrS (left half-filled symbol), or 
both diseases (full-filled symbol). PCCD consists of right bundle branch block with PR interval lengthening and led to complete AVB in three patients, in whom a 
pacemaker (PM) was implanted.
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There is accumulating evidence that implantable defibrillator 
is an effective and accurate therapy for symptomatic patients 
(18). Many clinical parameters have also been proposed for 
asymptomatic patients, but risk prediction in the latter group of 
patients remains particularly challenging because of the lack of 
reproducible and reliable data (28).

TwO PATHOPHYSiOLOGiCAL  
MODeLS FOR BrS

Those unresolved questions concerning diagnosis and risk 
stratification for arrhythmia and therapy underlie the need for a 
better understanding of pathophysiological mechanisms in BrS. 
Two main pathophysiological hypotheses have been proposed to 
explain the ECG pattern.

Soon after the description of BrS, the first pathophysiologi-
cal model was proposed, based on the existence of a transmural 
voltage gradient due to a repolarization heterogeneity across the 
ventricular wall (29, 30). According to this hypothesis, ST seg-
ment elevation could be due to either a loss of function of the 
sodium channel NaV1.5 responsible for the depolarization phase 
(phase 0 of the AP) favoring the expression of repolarization 
heterogeneity, an aggravation of this heterogeneity by a gain of 
function in one of the cardiac potassium channels responsible of 

the repolarization phases (phases 1 and 3 of the AP), or a loss of 
function of the CaV1.2 calcium channel that participate to the 
phase 2 of the AP (29).

This hypothesis has been matter to debate since the second 
hypothesis, based on a conduction delay in the right ventricular 
outflow tract, emerged from clinical observations (31–35). This 
conduction delay could be responsible for voltage gradients 
between RV and RVOT during and explain the BrS ECG pattern.

Twenty years of genetic research based on both technological 
and methodological progresses have started to depict the complex-
ity of BrS pathophysiology (36, 37). This review aims to provide an 
integrated synopsis of those two decades of research and to suggest 
future directions for further genetic investigations against BrS.

FROM A FAMiLiAL DiSeASe TO THe 
iDeNTiFiCATiON OF RARe vARiANTS

With the initial report of two affected siblings, familial inherit-
ance was suggested from the first description of the Brs in 1992 
(1). Few years later, Kobayashi et al. described a two-generation 
family presenting with both SCD and persistent ST elevation 
in relatives (38), confirming the heritability of the disease. The 
genetic component of BrS was further demonstrated in several 
reports (39–41) (Figure  2). Today, familial history of SCD is 
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TABLe 1 | The 23 reported susceptibility genes for BrS.

OMiM 
ranking

Gene Protein Prevalence in  
BrS cases

Functional effect  
of the mutation

Reference

BrS1 SCN5A α subunit of the Nav1.5 sodium channel 20–25%  INa (42)

BrS2 GPD1L Glycerol-3-phosphate dehydrogenase 1-like Rare  INa (49)

BrS3 CACNA1C α subunit α1C of the Cav1.2 calcium channel 1–2%  ICa-L (51)

BrS4 CACNB2b β subunit Cavβ2b of calcium channel 1–2%  ICa-L (51)

BrS5 SCN1b β subunit Navβ1 of sodium channel Rare INa (52)

BrS6 KCNE3 β subunit MiRP2 of potassium channel Rare  Ito (53)

BrS7 SCN3b β subunit Navβ3 of sodium channel Rare  INa (54)

BrS8 HCN4 Hyperpolarization-activated cyclic nucleotide-gated channel 4 Rare ? (55)

BrS9 KCND3 α subunit of the KV4.3 potassium channel Rare  Ito (56)

BrS10 KCNJ8 α subunit of the KIR6.1 potassium channel Rare  IKATP (57)

BrS11 CACNA2D1 δ subunit Cavα2δ1 of calcium channel Rare  ICa-L (58)

BrS12 KCNE5 β subunit of potassium channel Rare  Ito (59)

BrS13 RANGRF RAN guanine nucleotide release factor Rare  INa (60)

BrS14 KCND2 α subunit of the KV4.2 potassium channel Rare  Ito (61)

BrS15 TRPM4 Calcium-activated non-selective ion channel Rare ? (62)

BrS16 SCN2B β subunit Navβ2 of sodium channel Rare  INa (63)

BrS17 PKP2 Plakophilin 2 Rare  INa (64)

BrS18 ABCC9 ATP-sensitive potassium channels Rare  IKATP (65)

BrS19 SLMAP Sarcolemma-associated protein Rare  INa (66)

BrS20 KCNH2 α subunit of the HERG potassium channel Rare  IKr (67)

BrS21 SCN10A α subunit of the Nav1.8 sodium channel <5%  INa (68, 69)

BrS22 FGF12 Fibroblast growth factor 12 Rare  INa (70)

BrS23 SEMA3A Semaphorin family protein Rare  Ito (71)

Functionnal effect on current are described with arrow, except for HCN4 mutation for which it remain unclear (?).
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reported for about 26% of affected patients. Additionally, 36% 
of affected patients are identified during familial screening after 
SCD or identification of BrS in the proband (14).

Brugada syndrome has been consistently reported as a 
monogenic disease with autosomal dominant mode of inherit-
ance, caused by rare genetic variants with large effect size (1, 38). 
Loss-of-function mutations in the SCN5A-encoded α-subunit 
of the cardiac sodium channel (Nav1.5) were first identified in 
1998 (42). Mutations in SCN5A are detected in 20–25% of cases, 
SCN5A appearing as the major susceptibility gene for BrS (43). 
More than 300 rare variants in SCN5A have been reported, while 
the contribution of other genes remains extremely low (43, 44). In 
a pediatric population affected by BrS, the prevalence of SCN5A 
mutations seems to be even higher (45).

In this context, genetics was initially expected to help the 
clinical management of patients with BrS. Although some SCN5A 
mutations – particularly those leading to premature truncation of 
Nav1.5 – have been reported as associated with higher arrhythmic 
risk, no such result has been further confirmed in randomized 
studies (14, 46–48).

Despite evidence for strong familial inheritance, familial 
linkage analyses on BrS have been largely unsuccessful. Only one 
gene, GPD1L, has been identified as a BrS-susceptibility gene 
using this approach (49). The causing mutation in GPD1L has 
been shown to affect Na+ channel trafficking to the plasma mem-
brane, by modifying its oxydation state (49, 50). Every other gene 
reported so far has been identified through a candidate approach 
based on direct sequencing of genes with a known (or suspected) 
role in cardiac electrical activity.

So far, 23 genes have been related to BrS (Table  1). Based 
on pathophysiological hypotheses, those genes can be divided 
according to whether they affect the sodium current INa (SCN5A, 
SCN10A, GPD1L, SCN1B, SCN3B, RANGRF, SCN2B, PKP2, 
SLMAP, and FGF12), the potassium current IK (KCNJ8, KCNH2, 
KCNE3, KCND3, KCNE5, KCND2, SEMA3A, and ABCC9), or the 
calcium current ICa (CACNA1C, CACNB2B, and CACNA2D1).

LiMiTS iN iNTeRPReTiNG RARe 
vARiANTS CARRieD BY  
PATieNTS wiTH BrS

In the last decade, the emergence of massively parallel sequencing 
[or next-generation sequencing (NGS)] has considerably facili-
tated genetic screening and reduced its cost (72–76). Combined 
to the availability of the reference assembly of the human genome 
(77, 78), NGS-based approaches have revealed the high variability 
of the human genome, with at least 300–600 functional genetic 
variants detected in each exome (i.e., the whole coding portion of 
a single genome) (75) – and has retrospectively changed the inter-
pretation of previous rare variants identified by candidate gene 
approach. The investigation of large number of exomes revealed 
the extraordinary prevalence of rare variants among each indi-
vidual. As an illustration, the sequencing of 60,706 exomes identi-
fied about 7,500,000 variants from which 99% have a frequency of 
<1% (http://biorxiv.org/content/early/2015/10/30/030338).

Extreme caution should thus be taken when interpreting the 
rare genetic variants detected among patients with BrS, since the 
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FiGURe 3 | The distribution of rare coding variants detected across four selected arrhythmia-susceptibility genes among 167 BrS cases and 167 
healthy individuals. Modified from Ref. (44). SCN5A (A), SCN10A (B), CACNA1C (C), and PKP2 (D) are the four genes exhibiting the largest numbers of rare 
coding variants among BrS cases. Rare coding variants (minor allele frequency <0.1%) are represented in red (cases) and blue (controls). Green variants are 
detected in both cases and controls.
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clinical implication of finding those variants remains doubtful in 
the absence of statistical association and/or of evidence support-
ing a functional effect in relation with cardiac electrical activity 
(79–82).

Furthermore, a recent study has illustrated the weakness of 
candidate approaches on small pedigrees, by highlighting the high 
frequency of some genetic variants previously associated with 
BrS among 6,500 individual exomes from the Exome Sequencing 
Project (83). One variant in particular, which was related to BrS 
based on functional evidence, showed a minor allele frequency of 
4.4% among the 6,500 individuals. This result was confirmed in a 
healthy Danish control population, suggesting that a proportion 
of the genetic variants reported as causing BrS are actually not 
pathogenic. Interestingly, 93% of the SCN5A variants reported as 
causing BrS are not present among the control population, thus 
reinforcing the pivotal role of this gene.

By testing the burden of rare coding variants in 45 arrhythmia-
susceptibility genes among 167 BrS cases versus 167 control 
individuals, we have also recently demonstrated the limitation 
of previous candidate approaches (44). Indeed, for every tested 
gene except SCN5A, rare variants were found in the same propor-
tion in cases than in controls. Figure 3 shows the distribution of 
rare variants among cases and controls for the protein products 
of four genes: SCN5A, SCN10A, CACNA1C, and PKP2. The 
distribution of rare variants across the functional domains of the 
CACNA1C product indicates that the C-terminal tail, which was 
previously considered as pathogenic in BrS, may in fact be highly 
polymorphic. On the opposite, most rare variants detected along 
the protein encoded by PKP2 among BrS patients reside in a small 
interval coding for four amino acids. The PKP2 gene has been 
previously associated with BrS by decreasing functional Na chan-
nel expression through modification of microtubule anchoring 
(64). The small PKP2 interval emphasized in this study may be a 
preferential site of such interaction.

Rare genetic variants appear more evenly distributed across 
SCN10A and less predictive of any potential pathophysiological 
mechanism. In fact, the functional effects of these rare variants 
affecting SCN10A are largely debated. SCN10A gene, which 
encodes the sodium channel Nav1.8, was initially described in 
neurons physiology (84, 85). Further investigations illustrated a 
potential role in cardiac electrophysiology, particulary as a modu-
lator of cardiac conduction (86, 87). Recently, Hu et al. described 
rare variants in the SCN10A gene, in 16.7% of 150 patients 
affected with BrS (68). Furthermore, they demonstrated that the 
SCN10A variants R1268Q and R14L reduced cardiac sodium 
currents (68). However, although relevant biological effects are 
reported for some variants, most variants are also reported in 
control populations. Behr et  al. have recently underlined this 
issue (69). Using an extended control population, they decreased 
the yield of such variants from 16.7% in the Hu et al.’s study to 
5.1% in a different set of BrS probands (68). Additionally, only 
two over seven familial pedigrees available with such variants 
demonstrated segregation with the BrS.

Coding genetic variants in candidate genes are usually clas-
sified as likely pathogenic if they are extremely rare or absent 
from control populations. However, private genetic variants are 
found in control populations, and many rare variants predicted as 
damaging are carried by apparently healthy individuals (44, 83). 
As an example, in the SCN5A gene, rare functional variants 
can be found in about 2% of control patients and even in 5% in 
non-white population (88). Thus, considering SCN5A-mediated 
BrS account for about 20% of cases and that background noise 
of rare variant with minor allele frequency under 1/10,000 is 
approximately 2%, there is a 10/1 signal to noise ratio that means 
a 10% risk of false positive in possibly damaging rare SCN5A 
variants (82). As prevalence of asymptomatic BrS in the general 
population is unknown, this percentage may be over estimated. 
However, as BrS is a rare disease, the proportion of false positive 
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variants remains, in any case, too high to be confident with a 
direct translation of new rare variants in clinical practice.

On the opposite, some rare variants detected among BrS 
patients are reported as benign by prediction algorithms though 
they modify the function of the protein. As an example, while 
one SCN3B variant has been associated with BrS and reported as 
impacting the sodium current density, it is considered as benign 
by prediction algorithms such as SIFT and PolyPhen-2 (54, 89, 
90). This demonstrates the strong limitations of such prediction 
algorithms and the need for functional studies and/or segregation 
analyses to better assess the causality of rare variants.

From that perspective, mutations in L-type calcium channels 
(CACNA1C, CACNB2B, and CACNA2D1) that were considered 
as associated with about 4% of BrS cases are of particular inter-
est (43). The L-type calcium current ICa-L is a perfect candidate 
to explain BrS physiopathology, due to its central role in action 
potential dome (phases 2 and 3) and in the “depolarization” 
hypothesis (91). However, functional studies on mutations in 
L-type calcium channels are scarce in the literature. Moreover, 
mutations in CACNA1C among BrS cases and controls are mostly 
located within the C-terminal tail of Cav1.2, thus suggesting a high 
genetic variability of the domain (Figure 3). Although CACNA1C 
mutations seem to play lesser role than previously reported, this 
particular gene remains involved in a small subset of BrS cases, 
in particularly those with combined phenotypes of BrS and short 
QT syndrome (92).

These accumulated data demonstrate that in order to avoid 
misinterpretation of genetic variants: (1) functional prediction 
algorithms should be used cautiously and (2) ancestry-matched 
control populations should be systematically considered. 
Furthermore, familial segregation analysis and/or extended 
functional testing are mandatory before associating rare coding 
variants to disease susceptibility.

Following these guidelines, no previously reported suscep-
tibility gene except SCN5A seems to contribute significantly to 
BrS pathophysiology. Although SCN5A remains the major gene 
involved in BrS with about 20% of carriers among probands 
(43, 44), a proportion of rare variants residing in this gene – par-
ticularly among those of uncertain functional effect – could play 
no role in relation with the disease (82).

THe COMPLeX iNHeRiTANCe OF BrS: 
TOwARD A New GeNeTiC MODeL

Since the discovery of SCN5A as the first susceptibility gene for 
BrS, this disorder has been consistently reported as a monogenic 
disease with autosomal dominant mode of inheritance, caused 
by rare genetic variants with large effect size (1, 38, 42). SCN5A 
remains the only major susceptibility gene for BrS, with more 
than 300 coding variants described among more than 75% of the 
genetically diagnosed patients (43, 93). However, hardly any of the 
large family pedigrees with BrS provides evidence for Mendelian 
inheritance. Most familial forms indicate a genetic model with 
incomplete penetrance and remain genetically undiagnosed.

We have investigated the cosegregation of SCN5A mutations 
with BrS among large genotyped families (41). SCN5A mutations 

exhibit low penetrance (61% after drug testing) in families, lead-
ing to poor genotype/phenotype correlations. More surprisingly, 
among five pedigrees, we could identify eight affected members 
who did not carry the familial SCN5A mutation (Figure 2). This 
lack of genotype/phenotype correlation is further emphasized in 
other families with variable cardiac phenotypes associated with a 
same SCN5A mutation. Indeed, although a Na current decrease 
could lead to cardiac conduction or sinus node dysfunction, the 
description of relatives sharing the same SCN5A mutation but 
presenting with either BrS or a progressive cardiac conduction 
disease question about the relevance of a monogenic model 
(94, 95). A similar issue involving SCN5A mutation has been 
described with BrS and long QT syndrome (96).

These observations have led us to seek for genetic factors 
modulating the risk of Brugada ECG phenotype. To explore 
the potential role of common genetic variants in susceptibility 
to Brs, we have recently coordinated an international genome-
wide association study (GWAS) on BrS. By comparing allele 
frequencies of common haplotypes genome wide among 312 
index cases versus 1,115 control individuals, we identified three 
loci associated with susceptibility to BrS (Figure 4A). The three 
hits were then replicated on independent case–control sets from 
Europe and Japan. We found that their cumulative effect on 
disease susceptibility was unexpectedly large, with an estimated 
odds ratio of 21.5 in the presence of more than four risk alleles 
versus less than two (Figure 4B). This study demonstrates that an 
aggregation of genetic polymorphisms can strongly influence the 
susceptibility to BrS and confirms that the mode of inheritance 
for this arrhythmia disorder is far more complex than previously 
described.

Two association signals reside at the SCN5A-SCN10A locus. 
Both common risk alleles have previously been associated with 
cardiac conduction traits in the general population (97). This 
finding demonstrates that genetic polymorphisms modulating 
cardiac conduction can also influence susceptibility to cardiac 
arrhythmia. One haplotype is located inside the SCN10A gene, of 
which involvement in the pathophysiology of BrS is still matter 
to debate. van den Boogaard et  al. provided evidence that the 
SCN10A haplotype contain was an enhancer region for both 
SCN10A and SCN5A genes (98). They further demonstrated 
that a common variant (rs6801957) of this locus, associated 
with cardiac conduction trait and in high linkage disequilibrium 
with rs10428132, alters a transcription factor binding site for 
TBX3/TBX5 and reduces the SCN5A expression (99). This may 
explain the high phenotype variability observed in BrS patients 
even within a same family.

The third association signal resides near the Hey2 gene, 
which encodes a basic helix-loop-helix transcriptional repressor 
expressed in the cardiovascular system. The implication of this 
gene in susceptibility to BrS was previously unknown (100). 
Interestingly, Hey2 presents a gradient of expression across the 
ventricular wall in mirror image with SCN5A expression suggest-
ing a possible (indirect) regulation mechanism. Despite no ECG 
changes, Hey2 heterozygous knockout mice (Hey2+/−) present 
interesting findings for BrS pathophysiology. Conduction veloc-
ity seems specifically increase in the right outflow tract in which 
cellular action potential present both increase in AP upstroke 
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FiGURe 4 | A genome-wide association study on BrS. Modified from Ref. (101). (A) Manhattan plot revealing signal associations between two SNP (SCN10A 
and HEY2) and BrS. Statistical significance is represented with a red line (P = 5 × 10−8). A third haplotype of SCN5A reached genome-wide significance after 
replication analysis. (B) The cumulative effect of the six common risk alleles on susceptibility to BrS. Odds Ratio (OR) is plotted on the vertical axis and the 
cumulative number of alleles (from 0 to 6) in horizontal axis.
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velocity and repolarization (101). These data uncovered the role 
of Hey2 in the cardiac electrical function and more specifically in 
the pathogenesis of BrS. Among its role on BrS phenotype, com-
mon variant in this gene could also presented with a protective 
role from ventricular fibrillation in BrS patients by regulating the 
repolarization current (102).

CONCLUSiON

Almost two decades ago, the first description of a mutation in 
SCN5A gene has paved the way of genetics in BrS. As BrS was 
initially described as a Mendelian disease with low penetrance, 
many studies have been performed to track genetic variants in 
families affected by this syndrome. However, in most cases, stud-
ies were unable to show positive linkage. In a very large majority of 
cases, putative causing genes were identified through a “candidate 
gene approach” based on pathophysiological hypotheses. In these 
a priori approaches, the results were “validated” by the rarity of 
the genetic variants identified, while aberrant linkage results were 
“explained” by non-penetrance or phenocopies.

In the recent years, NGS technologies have dramatically 
expanded our capacity to sequence genomes. It has also revealed 
the high variability of the human genome, underlying the 
extreme caution that should be taken to avoid misinterpreta-
tion of the potential association of rare variants with BrS. Thus, 
recent burden tests have questioned the implication of several 
genes previously identified as there distribution was similar in 
the normal population and affected patients. For now, only rare 
variants in SCN5A gene seem to be significantly associated with 
the syndrome.

However, genotype/phenotype studies among BrS families 
with SCN5A mutation carriers have highlighted a complex mode 
of inheritance for this syndrome. In line with these reports, a 
GWAS has recently identified three common risk haplotypes for 
the Brugada ECG pattern.

It is now established that the molecular mechanisms leading to 
BrS involve both rare and common genetic variants, underlying 
the need for better understanding the genetic architecture of BrS 
prior to applying genetics as a diagnostic tool. For the next future, 
one of the challenges that could contribute to a more efficient 
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strategy for BrS would be to decipher the role of the combination 
of variants both for diagnosis and prognosis.

Another source of progress regarding risk stratification among 
BrS patients could go through the identification of specific ECG 
indices associated with higher risk of (fatal) arrhythmia. Genetic 
variants at the SCN5A, HEY2, and SCN10A loci have been associ-
ated with arrhythmia occurrence in independent studies (47, 102, 
103). Integrating such effects toward establishing a global genetic 
model for BrS is the next step before including genetic testing into 
the clinical management of BrS.

Besides the direct benefit of this research on the BrS for itself, 
it appears increasingly that this primary electrical disorder affect-
ing the young adult (with no identifiable structural abnormalities 
and presenting limited exposure to environment side effect) may 
represent a relevant model for the identification of markers and 
mechanism implied into broader common cardiac arrhythmias. 

Retrospectively, SCN10A common variant identified in the BrS 
GWAS study have been also associated with the risk of VF in 
the context of myocardial infarction and with the pacemaker 
implantation rate (103, 104). Additionally, a protective role 
against developing AF has been suggested for both common vari-
ants previously identified as risk alleles for BrS at the SCN10A–
SCN5A locus. This reinforces the interest of rare diseases to help 
identifying the pathophysiological bases of common pathologies. 
As they constitute homogenous groups of patients, rare arrhyth-
mia disorders can provide new molecular insights that may be 
relevant to the broader health issue of SCD (105).
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Mitochondria are found in all nucleated human cells and perform various essential 
functions, including the generation of cellular energy. Mitochondria are under dual 
genome control. Only a small fraction of their proteins are encoded by mitochondrial 
DNA (mtDNA), whereas more than 99% of them are encoded by nuclear DNA (nDNA). 
Mutations in mtDNA or mitochondria-related nDNA genes result in mitochondrial dys-
function leading to insufficient energy production required to meet the needs for various 
organs, particularly those with high energy requirements, including the central nervous 
system, skeletal and cardiac muscles, kidneys, liver, and endocrine system. Because 
cardiac muscles are one of the high energy demanding tissues, cardiac involvement 
occurs in mitochondrial diseases with cardiomyopathies being one of the most frequent 
cardiac manifestations found in these disorders. Cardiomyopathy is estimated to occur 
in 20–40% of children with mitochondrial diseases. Mitochondrial cardiomyopathies 
can vary in severity from asymptomatic status to severe manifestations including heart 
failure, arrhythmias, and sudden cardiac death. Hypertrophic cardiomyopathy is the 
most common type; however, mitochondrial cardiomyopathies might also present as 
dilated, restrictive, left ventricular non-compaction, and histiocytoid cardiomyopathies. 
Cardiomyopathies are frequent manifestations of mitochondrial diseases associated 
with defects in electron transport chain complexes subunits and their assembly factors, 
mitochondrial transfer RNAs, ribosomal RNAs, ribosomal proteins, translation factors, 
mtDNA maintenance, and coenzyme Q10 synthesis. Other mitochondrial diseases with 
cardiomyopathies include Barth syndrome, Sengers syndrome, TMEM70-related mito-
chondrial complex V deficiency, and Friedreich ataxia.

Keywords: hypertrophic cardiomyopathy, dilated cardiomyopathy, restrictive cardiomyopathy, non-compaction 
cardiomyopathy, histiocytoid cardiomyopathies, Barth syndrome, Friedreich ataxia

iNTRODUCTiON

Metabolic disorders account for a minority of causes of cardiomyopathies. However, diagnosing a 
metabolic disease as a cause for cardiomyopathy can have prognostic and therapeutic implications. 
Major groups of metabolic disorders associated with cardiomyopathy include organic acidemias 
(e.g., propionic acidemia), fatty acid oxidation defects (e.g., very long chain acyl CoA dehydroge-
nases deficiency), lysosomal storage diseases (e.g., Fabry disease), glycogen storage diseases (e.g., 
Pompe disease), congenital disorders of glycosylation, and mitochondrial disorders (1).

Mitochondrial diseases are a clinically and genetically heterogeneous group of disorders that 
result from dysfunction of the mitochondrial respiratory chain, which is responsible for the genera-
tion of most cellular energy (2, 3). Because cardiac muscles are one of the high energy demanding 
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tissues, cardiac involvement occurs in large number of mito-
chondrial diseases. The most frequent cardiac manifestations of 
mitochondrial diseases are cardiomyopathies. Arrhythmias and 
conduction defects, pulmonary hypertension, pericardial effu-
sion, dilated aortic root, and coronary heart disease can also be 
seen in mitochondrial diseases (4, 5).

In this article, we review normal mitochondrial structure and 
function, pathogenesis of mitochondrial diseases, clinical aspects 
of mitochondrial cardiomyopathies, mitochondrial diseases 
frequently associated with cardiomyopathies, and diagnosis and 
management of mitochondrial cardiomyopathies.

NORMAL MiTOCHONDRiAL  
STRUCTURe AND FUNCTiON

Mitochondria are found in all nucleated human cells each of which 
typically contains in its cytoplasm several hundred mitochondria 
depending on the energy needs for the tissue. Mitochondria are 
composed of two bilayer membranes that create two distinct 
compartments: an intermembrane space and a matrix space 
within the inner membrane. The mitochondrial outer membrane 
is smooth, whereas the inner mitochondrial membrane is highly 
folded, forming structures called cristae. The large surface area 
of the inner mitochondrial membrane accommodates energy-
generating multipolypeptide enzyme complexes called respira-
tory chain or electron transport chain (ETC) complexes (2).

Approximately 1,500 proteins are involved in maintain-
ing mitochondrial structure and function; however, <1% are 
encoded by mitochondrial DNA (mtDNA), while more than 99% 
of mitochondrial proteins are encoded by nuclear DNA (nDNA). 
Therefore, mitochondria are under dual genome control. Each 
mitochondrion contains mtDNA in the form of a multicopy, 
16.6 kb circular double-stranded DNA. The mtDNA encodes 13 
essential polypeptides for the ETC complexes and 24 different 
RNAs, including 2 ribosomal RNAs (rRNAs) and 22 transfer 
RNAs (tRNAs) (3, 6). The remaining ETC complexes subunits, as 
well as proteins needed to assemble the ETC complexes (assembly 
factors), maintain mtDNA, and transport molecules across the 
mitochondrial membranes, are encoded by nDNA, synthesized 
on cytoplasmic ribosomes, and imported into mitochondria (7). 
Unlike nDNA, which replicates with each cell division, mtDNA 
replicates continuously and independently of cell division. Two 
nDNA-encoded enzymes play major roles in mtDNA replication: 
DNA polymerase gamma that functions in replication and repair 
of mtDNA, and the twinkle protein that serves the function 
of a DNA helicase that is required for mtDNA replication (8). 
Transcription of mtDNA produces a polycistronic precursor 
RNA that is then processed to produce individual mRNA, tRNA, 
and rRNA molecules. The nDNA-encoded mitochondrial RNA 
polymerase and mitochondrial transcriptions factors are needed 
for the mitochondrial transcription process (9). The mRNAs for 
the 13 mtDNA-encoded proteins are translated on mitochondrial 
ribosomes. Mitochondrial tRNAs and rRNAs are required for this 
process in addition to several nDNA-encoded proteins, including 
mitochondrial ribosomal proteins and mitochondrial translation 
factors (9). The nDNA-encoded mitochondrial polypeptides are 

synthesized on cytosolic ribosomes and transported into the 
mitochondria via mitochondrial protein import systems, includ-
ing the translocase of the outer membrane (TOM) and translocase 
of the inner membrane (TIM) complexes (7, 10).

Mitochondria perform various essential functions, including 
the generation of most of the energy needed by cells in the form 
of ATP in a process called oxidative phosphorylation (OXPHOS) 
carried out by the ETC complexes in the inner mitochondrial 
membrane. Complexes I, II, III, and IV make up the ETC, whereas 
complex V is the ATP synthase. Hydrogen atoms generated from 
different catabolic pathways bind to nicotinamide adenine dinu-
cleotide (NAD+) and flavin adenine dinucleotide (FAD) to yield 
NADH and FADH2, respectively. NADH is oxidized by complex 
I (NADH dehydrogenase), and the electrons are transported 
through flavin mononucleotide (FMN) and multiple iron–sulfur 
(Fe–S) centers in complex I until they are transferred to coenzyme 
Q10 (CoQ10). CoQ10 also accepts hydrogen atoms from FADH2 
generated by β-oxidation and the TCA enzyme succinate dehy-
drogenase (complex II). Electrons are subsequently transferred 
from CoQ10 to complex III (bc1 complex) within which the elec-
trons move through cytochrome b, cytochrome c1, and the Fe–S 
components. The electrons are then transferred from complex 
III to cytochrome c, which transfers the electrons to complex IV 
(cytochrome c oxidase). Within this complex, the electrons are 
transferred through copper centers and cytochromes a and a3 
and ultimately combine with O2 to generate H2O. The energy that 
is released during electron transfer is used to pump protons from 
inside the mitochondrial matrix across the inner mitochondrial 
membrane into the intermembrane space through complexes I, 
III, and IV. The resulting electrochemical gradient forces protons 
to move back through a proton channel in complex V (ATP syn-
thase), which utilizes this energy in synthesizing ATP. The ETC 
complexes are multipolypeptides encoded by both mtDNA and 
nDNA except for complex II, which is encoded entirely by nDNA 
(11) (Figure 1).

MiTOCHONDRiAL DYSFUNCTiON  
AND DiSeASeS

Mutations in mtDNA or mitochondria-related nDNA genes 
result in mitochondrial dysfunction leading to mitochondrial 
diseases (12). Defects in mtDNA can be either point muta-
tions or rearrangements. Point mutations in mtDNA can affect 
protein-encoding genes or genes encoding tRNA or rRNA. 
These mutations are maternally inherited and typically associ-
ated with very variable phenotypes. Rearrangements of mtDNA 
include deletions and duplications that differ in size and position 
but typically encompass several genes. These rearrangements 
are usually sporadic arising de novo but can be maternally 
inherited (13). Mutations in nDNA genes are inherited in an 
autosomal recessive, autosomal dominant, or X-linked manner. 
Mitochondrial dysfunction can result from mutations in nDNA 
genes encoding ETC complexes subunits or their assembly fac-
tors (11), mitochondrial import complexes (10), mitochondrial 
ribosomal proteins and translational factors (14), and CoQ10 
biosynthesis enzymes (15). The mtDNA is maintained by a group 
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FiGURe 1 | A diagram showing electron transfer along the mitochondrial eTC complexes, hydrogen pumping across the inner mitochondrial 
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of nDNA-encoded proteins that function either in mitochondrial 
deoxyribonucleoside triphosphate (dNTP) synthesis or mtDNA 
replication. Mutations in any of these genes result in depletion 
of the mitochondrial dNTP pool or impaired mtDNA replica-
tion, leading to severe reduction in mtDNA content (mtDNA 
depletion). Inadequate amount of mtDNA results in impaired 
synthesis of key subunits of ETC complexes (16). Finally, Fe–S 
clusters are ubiquitous cofactors that are composed of iron and 
inorganic sulfur. These clusters are important prosthetic groups 
that are required for the function of proteins involved in various 
activities, including electron transport in ETC complexes. Defects 
in the process of Fe–S clusters can result in impaired ETC activity 
and mitochondrial dysfunction (17).

Defects in mtDNA- or nDNA-encoded mitochondrial proteins 
result in mitochondrial respiratory chain dysfunction leading to 
impaired OXPHOS and inability to generate sufficient energy to 
meet the needs for various organs, particularly those with high 
energy demand, including the central nervous system, skeletal 
and cardiac muscles, kidneys, liver, and endocrine system (2, 3).  
Additionally, due to the impaired OXPHOS, NADH cannot be 
utilized and the NADH:NAD ratio increases, which results in 
the inhibition of the TCA cycle. Pyruvate, produced through 
glycolysis, is increased due to the TCA cycle inhibition. Both 
elevated pyruvate and NADH:NAD ratio result in shifting the 
equilibrium of lactate dehydrogenase toward the production of 
lactate from pyruvate. Lactate can accumulate, causing systemic 
acidosis. Lactic acidosis is among one of the common features of 
mitochondrial disorders (6).

In addition to ATP deficiency, consequences of mitochondrial 
dysfunction include aberrant calcium handling, excessive reac-
tive oxygen species (ROS) production, apoptosis dysregulation, 
and nitric oxide (NO) deficiency all of which contribute to the 
pathogenesis of mitochondrial diseases (18). During OXPHOS, 
a small part of oxygen is partially reduced and converted to 

ROS (superoxide and hydrogen peroxide). Under normal 
conditions, ROS can be scavenged by various enzymes, includ-
ing the mitochondrial superoxide dismutase and glutathione 
peroxidase (19,  20). ROS, whose generation is enhanced as a 
result of OXPHOS blockade, can irreversibly modify many 
cellular macromolecules leading to cellular toxicity. Increased 
ROS production in mitochondrial diseases can result in protein, 
lipid, and DNA damage, which can potentially lead to further 
cellular damage and dysfunction (19, 20). One of the mitochon-
drial functions is calcium buffering. In addition, mitochondrial 
ATP production is needed to fuel calcium pumps in the plasma 
membrane and endoplasmic reticulum. Therefore, mitochondrial 
dysfunction can result in aberrant calcium handling. This model 
could contribute to the frequent involvement of muscle and nerve 
tissues in mitochondrial diseases, since these cells rely heavily on 
ATP and on fluctuating levels of intracellular calcium (21, 22). 
Mitochondria are also major regulators of apoptosis. In response 
to several intracellular stress conditions, supermolecular chan-
nels called mitochondrial permeability transition pores open 
resulting in increased mitochondrial inner membrane perme-
ability. Apoptosis is initiated when the inner mitochondrial mem-
brane becomes permeable leading to the release of several toxic 
mitochondrial proteins into the cytosol, including cytochrome c. 
These proteins activate latent forms of caspases, resulting in the 
execution of apoptosis. Therefore, excessive cell loss can contrib-
ute to the pathology in mitochondrial diseases (23). Finally, there 
is growing evidence that NO deficiency occurs in mitochondrial 
diseases and can play a major role in the pathogenesis of several 
complications observed in these diseases, including stroke-like 
episodes, myopathy, diabetes, and lactic acidosis. NO deficiency 
in mitochondrial disorders is multifactorial in origin, including 
impaired NO production and postproduction sequestration (24).

The mtDNA in cells can be identical (homoplasmy) or a 
mixture of two or more types (heteroplasmy). Some mtDNA 
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mutations affect all copies of the mtDNA (homoplasmic muta-
tions), while most of the mutations are present in only some cop-
ies of mtDNA and cells harbor a mixture of mutant and normal 
mtDNA (heteroplasmic mutations) (25). When cell divides, the 
mitochondria are distributed in a stochastic process in daughter 
cells. Therefore, when a cell harboring a heteroplasmic mtDNA 
mutation divides, it is a matter of chance whether the mutant 
mtDNAs will be partitioned into one daughter cell or another. 
Therefore, over time, the percentage of mutant mtDNAs can 
differ in different tissues and organs. This process, which is 
called replicative segregation, explains why the heteroplasmy 
percentage of mutant mtDNA may vary among organs and tissues 
within the same individual. The different tissues and organs rely 
on mitochondrial energy to different extents. As the percentage 
of mutated mtDNA increases, energy production declines. When 
the proportion of mutant mtDNA crosses a critical threshold level, 
the impaired energy production will result in organ dysfunction 
and clinical manifestations. The threshold level varies among dif-
ferent organs and tissues depending on their energy requirement 
(26). The replicative segregation and different organ threshold 
levels can explain in part the varied clinical phenotypes observed 
in individuals with mtDNA mutations. On the other hand, the 
clinical phenotypes of nDNA-related mitochondrial diseases are 
typically more homogenous than the mtDNA-related disease, as 
all the mitochondria are similarly affected (3).

Mitochondrial disorders are not uncommon with a minimum 
prevalence of 1 in 5,000 (12). Mitochondria are essential compo-
nents of all nucleated cells. Therefore, mitochondrial dysfunction 
affects many organs, particularly those with high energy require-
ments. Insufficient energy for various organs results in multi-
organ dysfunction and the variable manifestations observed in 
mitochondrial diseases, including epilepsy, intellectual disability, 
skeletal and cardiac myopathies, hepatopathies, endocrinopa-
thies, and nephropathies (2, 3, 6). Although the vast majority 
of mitochondrial diseases involve multiple organ systems, some 
mitochondrial diseases may affect a single organ (e.g., Leber 
hereditary optic neuropathy, and non-syndromic sensorineural 
hearing loss) (2). Mitochondrial diseases can begin at any age. 
Many patients with mitochondrial diseases display a cluster of 
clinical features that fall into a discrete clinical syndrome such 
as Kearns–Sayre syndrome, mitochondrial encephalomyopathy 
with lactic acidosis and stroke-like episodes (MELAS), myoclonic 
epilepsy with ragged-red fibers (MERRF), neurogenic weakness 
with ataxia and retinitis pigmentosa (NARP), mitochondrial 
neurogastrointestinal encephalopathy (MNGIE), and Alpers 
syndrome. However, there is often considerable clinical variabil-
ity, and many affected individuals do not fit into one particular 
syndrome (2, 3, 6).

CLiNiCAL ASPeCTS OF MiTOCHONDRiAL 
CARDiOMYOPATHieS

Mitochondrial cardiomyopathy can be described as a myocardial 
disorder characterized by abnormal myocardial structure and/or 
function secondary to genetic defects resulting in the impairment 
of the mitochondrial respiratory chain, in the absence of con-
comitant coronary artery disease, hypertension, valvular disease, 

and congenital heart disease (27). Cardiomyopathy is estimated 
to occur in 20–40% of children with mitochondrial diseases 
(5,  28). Therefore, screening for cardiomyopathy is a standard 
part of the management of children and adults with known or 
suspected mitochondrial disease (29).

Mitochondrial cardiomyopathies can vary in severity 
from asymptomatic status to severe manifestations, including 
heart failure, arrhythmias, and sudden cardiac death. Cardiac 
manifestations can be precipitated or worsen during metabolic 
decompensation episodes that are often caused by stressors, 
such as febrile illnesses or surgery, and can be accompanied by 
acute heart failure (27). It has been reported that mortality in 
children with mitochondrial diseases is significantly higher 
in those with cardiomyopathy than in those without (28). The 
clinical manifestations of mitochondrial cardiomyopathies are 
often accompanied by other manifestations of the multi-organ 
involvement of mitochondrial diseases. On the other hand, mito-
chondrial cardiomyopathy can occur in the absence of known 
mitochondrial disease, of which it may be the first or the sole 
clinical manifestation (29).

Hypertrophic cardiomyopathy is the most common form; 
however, mitochondrial cardiomyopathies might also present 
as dilated, restrictive, left ventricular non-compaction, and his-
tiocytoid cardiomyopathies (4). Hypertrophic cardiomyopathy 
is the most frequent cardiac manifestation in mitochondrial 
diseases and can occur in more than 50% of individuals with 
mitochondrial cardiomyopathies (5). It can be detected as early 
as the antenatal period and may be the only manifestation of 
a mitochondrial disease or a part of a multi-organ disease. 
Obstructive hypertrophic cardiomyopathy rarely occurs, but 
hypertrophic cardiomyopathy frequently develops into systolic 
dysfunction followed by decompensation and dilatation of the 
left ventricle (30). Dilated cardiomyopathy, which can be primary 
or secondary following hypertrophic cardiomyopathy, occurs less 
frequently than hypertrophic cardiomyopathy, whereas restrictive 
cardiomyopathy is a rare manifestation of mitochondrial diseases 
(31). Although left ventricular non-compaction cardiomyopathy 
is also a rare finding in mitochondrial diseases, among indi-
viduals with non-compaction, mitochondrial diseases are highly 
prevalent. Left ventricular non-compaction cardiomyopathy is 
generally more frequent in males and tends to develop during 
pregnancy in females. Occasionally, it may disappear during the 
disease course in some individuals with mitochondrial diseases 
(32). Histiocytoid cardiomyopathy (Purkinje fiber dysplasia) is 
histologically characterized by morphological and functional 
abnormalities of cardiomyocytes and Purkinje cells with a 
cytoplasm like in histiocyte foam cells, which contain glycogen 
and lipids. It has been reported exclusively in individuals with 
mitochondrial diseases (33).

MiTOCHONDRiAL DiSeASeS 
FReQUeNTLY ASSOCiATeD wiTH 
CARDiOMYOPATHieS

Cardiomyopathies are frequent manifestations of mitochondrial 
diseases associated with defects in ETC complexes subunits and 
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TABLe 1 | Mitochondrial diseases frequently associated with 
cardiomyopathies.

Mitochondrial 
diseases

Genes Clinical 
manifestations

eTC complexes deficiencies
Complex I  
deficiency

Subunit mtDNA genes: 
MTND1, MTND2, MTND4, 
MTND5, and MTND6
Subunit nDNA genes: 
NDUFV1, NDUFV2, 
NDUFS1, NDUFS2, 
NDUFS3, NDUFS4, 
NDUFS6, NDUFS7, 
NDUFS8, NDUFA2, 
NDUFA11, NDUFAF3, 
NDUFA10, NDUFB3, 
NDUFB9, and NDUFA1
Assembly genes: NDUFAF2, 
NDUFAF4, NDUFAF5, 
NUBPL, NDUFAF1, 
FOXRED1, and ACAD9

Hypertrophic 
cardiomyopathy
Growth failure
Developmental delay
Epilepsy
Ataxia
Weakness
Spasticity
Leukoencephalopathy
Macrocephaly
Sensorineural deafness
Hepatic dysfunction
Lactic acidosis
Hypoglycemia

Complex II  
deficiency

Subunit genes: SDHA and 
SDHD

Hypertrophic, dilated, 
and non-compaction 
cardiomyopathies
Growth failure
Developmental delay
Weakness
Spasticity
Ataxia
Epilepsy
Leukodystrophy
Contractures
Ophthalmoplegia
Pigmentary retinopathy
Optic atrophy
Lactic acidosis

Complex III  
deficiency

MTCYB Hypertrophic, dilated, 
and histiocytoid 
cardiomyopathies
Growth failure
Exercise intolerance
Optic atrophy
Stroke-like episodes
Epilepsy
Lactic acidosis
Hypoglycemia

Complex IV  
deficiency

Subunit mtDNA genes: 
MTCO1, MTCO2, and 
MTCO3

Dilated, hypertrophic, 
and histocytoid 
cardiomyopathies
Growth failure
Developmental delay
Ataxia
Epilepsy
Hypotonia

Subunit nDNA genes: 
COX6B1
Assembly factors: COX10, 
COX14, COX15, COX20, 
SCO1, SCO2, COA3, and 
COA5

Mitochondrial 
diseases

Genes Clinical 
manifestations

Sensorineural hearing 
loss
Optic atrophy
Pigmentary retinopathy
Liver dysfunction
Renal tubulopathy
Lactic acidosis

Mitochondrial tRNA genes
MERRF (myoclonic 
epilepsy with ragged-
red fibers) syndrome

MTTK Dilated and histiocytoid 
cardiomyopathy
Epilepsy
Ataxia
Weakness
Sensorineural hearing 
loss
Short stature
Lactic acidosis

MELAS 
(mitochondrial 
encephalomyopathy, 
lactic acidosis, and 
stroke-like episodes) 
syndrome

MTTL1 Hypertrophic 
cardiomyopathy
Muscle weakness
Stroke-like episodes
Dementia
Epielpsy
Sensorineural hearing 
loss
Lactic acidosis
Diabetes
Short stature

Mitochondrial DNA depletion
Mitochondrial 
neurogastrointestinal 
encephalopathy 
syndrome (MNGIE)

TYMP Hypertrophic 
cardiomyopathy
Gastrointestinal 
dysmotility
Cachexia
Ptosis
Ophthalmoplegia
Hearing loss
Peripheral neuropathy
Leukoencephalopathy

CoQ10 deficiency

Coenzyme Q10 
deficiency

COQ2, COQ4, COQ6, 
COQ7, COQ9, ADCK3, 
PDSS1, and PDSS2

Hypertrophic 
cardiomyopathy
Growth failure
Developmental delay
Weakness
Epilepsy
Ataxia
Pigmentary retinopathy
Sensorineural hearing 
loss
Liver dysfunction
Renal impairment
Pancytopenia
Lactic acidosis

(Continued)

(Continued)
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their assembly factors, mitochondrial tRNAs, rRNAs, ribosomal 
proteins, translation factors, mtDNA maintenance, and CoQ10 
synthesis. Other mitochondrial diseases with cardiomyopathies 
include Barth syndrome and other 3-methylglutaconic aciduria 
disorders, and Friedreich ataxia (Table 1).

Complex I deficiency, which is clinically and genetically 
heterogeneous, can present with hypertrophic cardiomyo-
pathy that might be isolated or associated with multi-organ 
disease. Cardiomyopathy has been reported with mutations in 

TABLe 1 | Continued
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Mitochondrial 
diseases

Genes Clinical 
manifestations

3-Methylglutaconic acidurias

3-Methylglutaconic 
aciduria type II (Barth 
syndrome)

TAZ Non-compaction, 
dilated, and hypertrophic 
cardiomyopathies
Growth failure
Weakness
Arrhythmias
Neutropenia

3-Methylglutaconic 
aciduria, type 
V (dilated 
cardiomyopathy and 
ataxia syndrome)

DNAJC19 Dilated and 
non-compaction 
cardiomyopathies
Growth failure
Ataxia
Testicular dysgenesis
Anemia

Mitochondrial 
complex V deficiency

TMEM70 Hypertrophic 
cardiomyopathy
Growth failure
Developmental delay
Hypotonia
Ataxia
Epilepsy
Leukodystrophy
Distinctive facial features
Lactic acidosis
Hyperammonemia

Sengers syndrome AGK Hypertrophic 
cardiomyopathy
Growth failure
Cataracts
Hypotonia
Weakness
Lactic acidosis

Defects in iron–sulfur cluster
Friedreich ataxia FXN

Hypertrophic 
cardiomyopathy
Ataxia
Dysarthria
Peripheral sensory 
neuropathy
Diabetes mellitus

TABLe 1 | Continued
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mitochondrial (e.g., MTND1 and MTND5) and nuclear (e.g., 
NDUFS2, NDUFV2, and NDUFA2) genes encoding complex 
I subunits, and nuclear genes that encode complex I assembly 
factors (e.g., ACAD9 and NDUFAF1) (34, 35). Complex II is 
entirely encoded by nDNA, and its deficiency has been reported 
in individuals with hypertrophic, dilated, and non-compaction 
cardiomyopathies who carried mutations in complex II subunits 
genes (SDHA and SDHD) (36, 37). Complex III deficiency can 
also cause cardiomyopathy that can either be isolated or accom-
panied with multi-organ involvement. Hypertrophic, dilated, and 
histiocytoid cardiomyopathies were reported in individuals with 
complex III deficiency and mutations in the MTCYB gene encod-
ing cytochrome b (38–40). Dilated, hypertrophic, and histocytoid 
cardiomyopathies have been reported in complex IV deficiencies 
associated with mutations in complex IV subunit genes (COX6B1, 

MTCO2, and MTCO3) and complex IV assembly factors genes 
(SURF1 and SCO2) (41, 42).

Mutations in several mitochondrial tRNA genes (e.g., 
MTTK causing MERRF syndrome and MTTL1 causing MELAS 
 syndrome) have been reported with multi-organ mitochondrial 
diseases or isolated cardiomyopathies. Cardiomyopathies associ-
ated with pathogenic variants in genes encoding mitochondrial 
tRNAs are usually hypertrophic, but can also be dilated or histio-
cytoid cardiomyopathy (29, 43). Hypertrophic cardiomyopathy 
has been reported with mutations in the mitochondrial 16S 
rRNA gene (MTRNR2) and restrictive cardiomyopathy with 
the m.1555A>G mutation in the mitochondrial 12S rRNA gene 
(MTRNR1) that is typically associated with aminoglycoside-
induced hearing loss (44, 45). Mutations in genes coding mitochon-
drial ribosomal proteins (e.g., MRPL3 and MRPL44) can cause  
hypertrophic cardiomyopathy accompanied by multi-organ disease 
(46, 47). Mutations in TSFM, encoding a mitochondrial transla-
tion elongation factor, can be associated with hypertrophic or 
dilated cardiomyopathy associated with multi-organ disease (48).

Mitochondrial neurogastrointestinal encephalopathy (MNGIE) 
syndrome is an mtDNA depletion syndrome caused by defi-
ciency of thymidine phosphorylase, resulting in imbalances in 
mitochondrial nucleotide pools. Clinical features of MNGIE 
include progressive gastrointestinal dysmotility and cachexia, 
ptosis, ophthalmoplegia, hearing loss, demyelinating peripheral 
neuropathy, and leukoencephalopathy. Cardiac manifestations 
are usually asymptomatic ventricular hypertrophy and bundle 
branch block (49, 50).

Defects in CoQ10 biosynthesis result in primary CoQ10 defi-
ciency which is a phenotypically and genetically heterogeneous 
condition with various clinical presentations, including encepha-
lomyopathy, isolated myopathy, cerebellar ataxia, and nephrotic 
syndrome. Hypertrophic cardiomyopathy has been reported 
with mutations in genes involved in CoQ10 biosynthesis (COQ2, 
COQ4, and COQ9) (51, 52).

Barth syndrome is an X-linked disorder characterized by 
cardiomyopathy, skeletal myopathy, growth retardation, neutro-
penia, and increased urinary levels of 3-methylglutaconic acid. It 
is caused by mutations in the TAZ gene that codes for tafazzin, 
a phospholipid transacylase located in the inner mitochondrial 
membrane and plays an important role in the remodeling of 
cardiolipin. Cardiomyopathies are commonly left ventricular 
non-compaction and dilated cardiomyopathies, whereas hyper-
trophic cardiomyopathy appears to be less common. Other car-
diac manifestations of Barth syndrome are arrhythmia (including 
supraventricular and ventricular tachycardia) and sudden death 
(53, 54).

Barth syndrome is one of a small group of disorders character-
ized by 3-methylglutaconic aciduria as a discriminative feature, 
where excretion of 3-methylglutaconic acid is significant and 
consistent. Other disorders in this group that might be associ-
ated with cardiomyopathy are caused by mutations in DNAJC19, 
TMEM70, and AGK (55). 3-Methylglutaconic aciduria associ-
ated with DNAJC19 mutations (dilated cardiomyopathy and 
ataxia syndrome), results from deficient mitochondrial protein 
import and is characterized by dilated cardiomyopathy or left 
ventricular non-compaction, non-progressive cerebellar ataxia, 
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This assessment is usually carried out on skeletal muscle, skin 
fibroblast, or liver tissue (11). Mitochondrial function can also 
be assessed using the extracellular flux analyzer, Seahorse instru-
ment, which can simultaneously measure mitochondrial respira-
tion and glycolysis (62). Cardiac muscle biopsy is more invasive 
and can be performed in a patient with rapid disease progression 
or when biochemical testing in fibroblasts and skeletal muscle 
and molecular testing have not led to a conclusive diagnosis (29).

Molecular testing includes assessment of mtDNA content 
and DNA sequencing. Increased mtDNA content suggests a 
compensatory mechanism due to deficient mitochondrial 
function, whereas reduced mtDNA content implies defects 
in mtDNA biosynthesis, leading to mtDNA depletion. 
Measurement of mtDNA copy number is performed by real-
time quantitative polymerase chain reaction using a mtDNA 
probe and a unique nuclear gene reference (63). Variable 
DNA sequencing options are available. If the clinical features 
of a mitochondrial disease are consistent with a recognizable 
syndrome, the mtDNA or nDNA gene known to be responsible 
for that syndrome can be tested to confirm the diagnosis. If a 
maternally inherited mitochondrial disease is suspected, the 
whole mtDNA can be sequenced. When genetically heteroge-
neous nDNA gene-related mitochondrial disease (e.g., mtDNA 
depletion syndromes) panel tests that include the known genes 
associated with such disease can be helpful. Next-generation 
massively parallel sequencing, which allows simultaneous 
sequencing of multiple genes at high coverage and low cost, 
has been widely used method for these gene panels. When 
the clinical picture is not consistent with a disease related to 
a specific gene or group of genes, a more extensive panel that 
includes all the known nDNA-related mitochondrial genes 
or whole exome or genome sequencing methodology can be 
considered (64, 65).

Currently, there are no satisfactory therapies available for 
mitochondrial disorders. Treatment remains largely sympto-
matic and does not significantly alter the course of the disease. 
Several cofactor supplementations have been tried with limited 
data supporting their benefits for most of them (6). So far, the 
only mitochondrial cardiomyopathies with an effective and spe-
cific metabolic treatment are those caused by CoQ10 deficiency. 
CoQ10 (ubiquinone) supplementation for patients with CoQ10 
deficiency results in restoring the electron flow and a dramatic 
improvement in clinical manifestations associated with CoQ10 
deficiency (66).

Heart transplantation was reported to be performed in 14% of 
patients with Barth syndrome (53). With respect to other mito-
chondrial diseases, although multi-organ diseases are considered 
a relative contraindication for solid organ transplantation, heart 
transplantation might be successful when clinical expression is 
limited to the myocardium or manifestations outside the heart 
are mild and appear non-progressive (29).

Ongoing clinical trials for potential treatment of mitochon-
drial diseases include the use of Bendavia, a mitochondrial 
permeability transition pore inhibitor, RTA 408, a potent 
activator of Nrf2 which is a regulator of cellular resistance to 
oxidants, and cysteamine bitartrate, an antioxidant (67) (http://
Clinicaltrials.gov).

testicular dysgenesis, and growth failure (56). Mutations in 
TMEM70 (mitochondrial complex V deficiency), encoding a 
protein involved in the insertion of ATP synthase (complex 
V) into the mitochondrial membrane, result in multi-organ 
mitochondrial disease with hypertrophic cardiomyopathy (57). 
Sengers syndrome, caused by mutations in AGK, might also be 
accompanied by 3-methylglutaconic aciduria and is character-
ized by hypertrophic cardiomyopathy, cataracts, myopathy, 
exercise intolerance, and lactic acidosis. The AGK gene product 
is an acylglycerol kinase and is involved in the assembly of ANT1, 
a mitochondrial adenine nucleotide transporter (58).

Friedreich ataxia is an autosomal recessive neurodegenerative 
disorder caused by mutations of FXN, which encodes frataxin, a 
mitochondrial iron-binding protein involved in the synthesis of 
the Fe–S clusters required by the ETC complexes. The clinical 
presentation includes progressive ataxia after the teenage years, 
dysarthria, loss of lower limb reflexes, peripheral sensory 
neuropathy, and diabetes mellitus. The cardiac manifestations 
include hypertrophic cardiomyopathy (59, 60).

DiAGNOSiS AND MANAGeMeNT OF 
MiTOCHONDRiAL CARDiOMYOPATHieS

The diagnosis of mitochondrial diseases is based on clinical 
recognition, biochemical screening, histopathological studies, 
functional assays, and molecular genetic testing. Due to the 
multi-organ involvement in the majority of mitochondrial 
diseases, evaluation of these diseases should include a systematic 
screening for all the targeted organs, e.g., neuroimaging, hearing 
assessment, ophthalmologic examination, liver function test, 
and serum creatinine phosphokinase (2). Biochemical screening 
tests for mitochondrial disorders include the determination of 
plasma lactate, blood glucose, urine organic acids, and plasma 
amino acids. Although lactic acidemia is a common biochemical 
feature of many mitochondrial disorders, it is neither specific 
nor sensitive (61). Hypoglycemia can be seen in children with 
mitochondrial diseases and urine organic acid analysis can show 
non-specific findings, including elevated lactate, ketone bodies, 
and TCA intermediates. A plasma amino acid profile may show 
elevation in plasma alanine level which reflects lactic acidemia 
and branched-chain amino acids which are catabolized in mito-
chondria (18).

Analysis of a fresh skeletal muscle biopsy is considered the 
gold standard in the diagnosis of mitochondrial disorders. The 
histology of affected muscles typically shows ragged-red fibers, 
which can be demonstrated using the modified Gomori trichrome 
stains, and contains peripheral and intermyofibrillar accumula-
tion of abnormal mitochondria. Examining the muscle under an 
electron microscopy can demonstrate mitochondrial prolifera-
tion and abnormal mitochondrial morphology in mitochondrial 
myopathies. Histochemical staining for different ETC complexes 
can be used to estimate the severity and heterogeneity of ETC 
complexes deficiencies in the muscle tissue (3). Mitochondrial 
function can be assessed by measuring the enzymatic activity 
of different ETC complexes using a spectrophotometric meth-
odology that utilizes specific electron acceptors and donors. 
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CONCLUSiON

Hypertrophic, dilated, non-compaction, and histiocytoid car-
diomyopathies can be the only feature or part of multi-organ 
mitochondrial diseases. Cardiomyopathies occur in approxi-
mately one-third of children with mitochondrial diseases and 
increase the mortality in these children. Therefore, screening 
for cardiomyopathy is a standard part of the management of 
individuals with known or suspected mitochondrial disease. 
Diagnosing mitochondrial diseases remains challenging in many 
cases and treatment remains largely symptomatic, as there are no 

satisfactory therapies available that significantly alter the course 
of the disease. Therefore, a lot of work is still need to be done 
to facilitate early diagnosis through discovering new disease 
biomarkers and novels genes involved in mitochondrial function 
and to find new treatment strategies that can restore the mito-
chondrial function.
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Thoracic aortic dilation (AD) has commonly been described in conotruncal defects 
(CTDs), such as tetralogy of Fallot, double outlet right ventricle and transposition of the 
great arteries, and truncus arteriosus. Several theories for this have been devised, but 
fairly recent data indicate that there is likely an underlying histologic abnormality, similar 
to that seen in Marfan and other connective tissue disease. The majority of aortic dis-
section in the general population occurs after the age of 45 years, and there have been 
very few case reports of aortic dissection in CTD. Given advances in cardiac surgery and 
increasing survival over the past several decades, there has been rising concern that, 
as patients who have survived surgical correction of these defects age, there may be 
increased morbidity and mortality due to aortic dissection and aortic regurgitation. This 
review discusses the most recent developments in research into AD in CTD, including 
associated genetic mutations.

Keywords: conotruncal, tetralogy of Fallot, transposition of great arteries, aortic aneurysm, aortic dissection, 
truncus arteriosus

inTRODUCTiOn

Conotruncal cardiac defects (CTDs) include a variety of congenital heart defects, such as tetralogy 
of Fallot (TOF), truncus arteriosus (TA), double outlet right ventricle (DORV), and transposition of 
the great arteries (TGA). These defects represent 5–10% of congenital heart disease and, generally, 
lead to severe cyanosis, necessitating repair in the newborn period or early in infancy. A common 
observation in CTD is thoracic aortic dilation (AD). It has been known for over half a century that 
AD is common in TOF (1, 2). Landmark work by Niwa demonstrated that the incidence of AD in 
adults with repaired tetralogy approaches 15% (3). Progressive dilation of the neo-aortic root is out 
of proportion to somatic growth in TGA after arterial switch surgery (4), and AD is found in the 
majority of patients with TA who survive initial repair (5).

Aortic dilation can become more clinically relevant if it leads to significant aortic valve regurgita-
tion, aortic dissection, or worsened LV–aorta interaction (6). AD can lead to significant morbidity 
and mortality, with the chief worry being ascending aortic or aortic root dissection, which is often 
fatal without emergency surgery, and as a result, clinicians seek to evaluate patients to avoid this 
complication, generally by assessing aortic size on non-invasive imaging, and intervening with 
elective surgery in a more controlled setting. Specific guidelines exist for elective surgery to prevent 
dissection in Marfan syndrome and certain other connective tissue disease, but specific guidelines 

Abbreviations: AD, aortic dilation; CTD, conotruncal defects; DORV, double outlet right ventricle; FBN1, fibrillin-1 gene; 
TGA, transposition of the great arteries; TOF, tetralogy of Fallot.
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for elective surgery for AD in CTD have not been established (7). 
One interesting article over several years evaluated the outcomes 
of 81 adults with CTD and AD who had surgery over several 
decades and came to the conclusion that elective surgery in CTD 
should be delayed unless the maximum aortic dimension is at 
least 5.5  cm, unless there is documented rapid growth of the 
ascending aorta, or a worrisome family history of aortic dissec-
tion or aneurysm (8).

In the past, it was thought that the risk of aortic dissection 
in these patients was low, perhaps due to the low incidence of 
systemic hypertension, smoking, and other traditional vascular 
risk factors in this population (9). However, there have now 
been four case reports of dissection in TOF (10–13). All these 
cases except the most recent one dissected at diameters >6 cm. 
Perhaps, aortic cannulation during the initial repair could be 
blamed for a dissection late after repair, but this seems unlikely 
given that the dissections occurred anywhere from 9 years to 
more than 30  years after the initial repair (10–13). It would 
stand to reason that, if direct injury to the aorta during initial 
cannulation was the culprit, there would be a significant number 
of dissections reported in childhood in the literature, when, in 
fact, the youngest patient identified in the literature was already 
18 years of age, more than 17 years after initial compete TOF 
repair (12).

Regarding TGA, fortunately, no case reports of aortic dissec-
tion in TGA after arterial switch have been published, but perhaps 
none have occurred due to the relative young age of this popula-
tion, given that most survivors of the arterial switch procedure 
are <30 years old. To date, there has only been one case report 
of an aortic dissection in TGA after Mustard repair (14). In this 
case, the patient had been lost to cardiology follow-up for over 
two decades, had several pregnancies, and smoked cigarettes, 
and it was unknown what size the aorta was prior to dissection. 
Isolated cases of dissection in CTD have also been found in 
review of administrative databases (15). There has been only one 
case report of elective aortic root replacement in a TGA patient 
after Mustard procedure – which was performed in a 30-year-old 
man, for an aortic aneurysm, measuring 4.5  cm (16). Still, the 
majority of patients with dissection in CTD have been older than 
45  years of age. However, as the population of CTD survivors’ 
ages, more patients might be at risk for aortic dissection or other 
complication.

It is important to note that aortic dissection is not the only 
concern or cause of morbidity due to AD in patients with CTD. 
The dilation itself can lead to significant aortic valve regurgitation, 
which can lead to an increased pulsatile load on the left ventricle 
(or systemic right ventricle), leading directly to decreased cardiac 
output, or indirectly via decreasing coronary arterial blood flow 
(17, 18). Aortic regurgitation may additionally worsen not just 
due to dilation but also due to stiffness of the aortic root (19). 
The need for aortic valve replacement is fortunately fairly uncom-
mon in CTD, although the presence of aortic regurgitation is 
fairly common in TGA after arterial switch (3, 20). After arterial 
switch surgery, Losay and others noted that freedom from aortic 
regurgitation was 78% at 10 years and 69% at 15 years; however, 
freedom from aortic valve replacement was 98% at 10 years and 
97% at 15  years (21). In a study by Marino and others, severe 

neo-aortic valve regurgitation was present in 3.7% and trivial to 
mild regurgitation in 81% of patients at mid-term follow-up (22).

POSSiBLe MeCHAniSMS  
FOR AORTiC ROOT DiLATiOn in  
COnOTRUnCAL DeFeCTS

There are a few hypotheses for why AD in CTD occurs, inde-
pendent of standard risk factors, such as hypertension, aging, 
pregnancy, and smoking. The first is that AD occurs due to 
hemodynamic stress on the aorta from a chronic right-left-
shunt. Evidence to support this hypothesis include data showing 
that AD is worse with worsened degrees of right ventricular 
outflow tract stenosis and is worse in patients with pulmonary 
atresia than in patients with pulmonary stenosis (23). A second 
hypothesis is that volume loading of the aorta, via a surgical 
systemic-to-pulmonary shunt, will increase flow through the 
aortic valve, thus leading to dilation of the proximal aorta via 
increased wall stress (24). A longer duration between shunting 
and complete repair has been found to correlate with AD in 
repaired TOF (23, 25). One study showed a 12% increase in 
mean aortic diameter after surgical aortopulmonary shunting 
(25). Other observations that have been associated with larger 
aortic dimensions in TOF have included a right rather than left 
aortic arch and male sex.

Newer data suggest that CTD may be associated with a 
primary problem with aortic histology, i.e., a true aortopathy. 
Evidence of aortopathy in TOF has been found early in life, on 
fetal echocardiography (26), and also on histologic studies. Even 
in infants, higher histologic grading scores in TOF patients have 
been seen, thus making it likely that there is an intrinsic abnor-
mality of the aortic tissue leading to dilation, rather than long-
term hemodynamic stress (20). Histologic abnormalities were 
reported in a cohort of 15 repaired TOF patients with ascending 
aortic aneurysms, and this was further supported in another 
study demonstrating elastin fragmentation in the ascending aorta 
in 74.5% of 98 consecutive patients undergoing complete TOF 
repair (27, 28).

There are many variables that affect the size of the aortic root 
and ascending aorta in general. Although there have been simi-
larities of aortic root histology seen between Marfan syndrome 
and some CTDs, it is notable that the risk of dissection in Marfan 
is significantly higher, which begs the question why the Marfan 
phenotype is so much more dangerous. It is possible that the 
histologic abnormality in the aorta found in TOF may be less 
severe than the abnormality found in Marfan syndrome (27).

Most research regarding AD in CTD predominantly focused 
on TOF with fewer papers focused on TGA or truncus. DORV 
is rarely considered by itself in the literature, as it is a diagnosis 
encompassing a broad spectrum of pathophysiology, depending 
on where the ventricular septal defect is in an individual patient 
and also on the relationship of the great arteries to one another. It 
most commonly presents with TOF-like physiology, wherein the 
patient has a subaortic ventricular septal defect with pulmonary 
stenosis. In most of the literature, DORV with this physiology is 
included as a TOF variant.
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Conclusions have been difficult to draw, given differing defini-
tions of what constitutes an aortic aneurysm. Most pediatric cent-
ers have used Z-scores, whereas most adult studies have looked at 
either absolute dimensions or dimensions indexed to either body 
surface area or height. A common definition for “aneurysm” is an 
observed to expected ratio of >1.5 of the normal population at a 
specific aortic segment. A large study using cardiac MRI evaluated 
normal values in a control population and can be used as a help-
ful baseline (29). Very few studies have performed longitudinal 
measurements to demonstrate if the AD found in CTD is likely 
to progress over time. In one study of children with both TOF 
and TGA, independent predictors of a longitudinal increase in 
Z-scores of the ascending aorta included male sex and presence of 
aortic regurgitation (30). A study of adults with repaired tetralogy, 
utilizing MRI as the imaging technique, showed minimal growth 
in TOF over the course of 3 years, with a very small number of 
aortas increasing in size from below to above a threshold value 
of 5 cm (31).

As survival of CTD patients has improved, numerous 
patients with CTD have been able to have pregnancies of their 
own. Pregnancy is known to be an independent variable for the 
structural change of the aortic media, but it is unknown how 
likely these changes are to regress after delivery and whether the 
changes that occur with gestation are additive to the normal aging 
process in this population (27).

GeneTiC AnD MOLeCULAR FinDinGS

The investigation of AD in CTD from a molecular and genetic 
standpoint, compared to the robust database found in Marfan 
syndrome, is still in its infancy. There have been very few articles 
investigating the genetic or histologic associations of AD and 
CTD, to date. Marfan syndrome, with a prevalence of 1:5000, is in 
most cases due to a mutation in the fibrillin-1 gene (FBN1) (32). 
Fibrillin-1, together with other proteins of the extracellular matrix, 
forms thread-like microfibrils, which create structural support 
and elasticity to tissues. Mutations in FBN1 lead to breakdown of 
microfibril architecture, which can lead to aortic aneurysms and 
other complications. There are numerous mutations in the FBN1 
mutation database, with nearly 3000 reported mutations to date, 
varying from point mutations to large rearrangements.

Research demonstrating that the histology of the aorta in 
patients with congenital heart disease is similar to that of Marfan 
patients (27) has led to small studies investigating the role of 
fibrillin in CTD. Given the much lower incidence of dissection 
in TOF, it is possible that the histologic abnormality in the aorta 
found in TOF may be less severe than the abnormality found 
in Marfan syndrome (27). In a study of 74 consecutive patients 
undergoing intracardiac repair or TOF, full-thickness aortic wall 
biopsies were performed, and there was a 50.9% prevalence of 
FBN1 gene polymorphisms or mutations in those with a dilated 
aorta (28). Additionally, the risk of AD was found to be eight 
times higher in patients with these variants. Abnormal histology, 
defined as a lamellar count <60, was associated with a risk of AD 
15.97 times higher than in normal controls.

The DiGeorge or velocardial facial syndrome, due to a 22q12 
deletion, is commonly associated with CTD, and 22q11.2 mutation 

has been found to be associated with larger aortic root size in TOF 
(33). Patients with 22q11.2 mutation are more likely to have right 
aortic arch and pulmonary atresia than non-syndromic patients, 
so it is unclear, in TOF, if the larger aortic size is due directly to 
the genetic mutation or rather due to a change in hemodynamics. 
However, one paper noted that the 22q11.2 deletion itself, even in 
the absence of CTD, appears to be associated with AD, where AD 
was noted to have an incidence of 10.8% (34).

Linkage analysis has been used to find novel gene mutations 
that appear to correlate with TOF and other CTD, but, to date, no 
studies have been performed to evaluate for novel mutations that 
explicitly explain AD in CTD.

It is possible that some of the patients in the literature who had 
CTD and aortic dissection may have had undiagnosed Marfan 
syndrome or other known connective tissue disease, as the lack 
of diagnosis may have been retrospectively made on phenotypic, 
rather than genotypic, grounds. There are numerous variables, 
including the underlying tissue strength, and varying changes in 
physiology that frustrate the ability to tease out.

FUTURe DiReCTiOnS

Further research into AD in CTD will be much more likely to 
proceed if more patients are found to suffer aortic complications. 
Next generation sequencing, such as whole exome sequencing, 
may be very helpful at identifying novel gene mutations that 
could be responsible for AD in CTD. Genome-wide linkage 
analysis and exome sequencing together, recently, led to the 
discovery of a novel TGFB3 mutation as a cause of syndromic 
aortic aneurysm and aortic dissection in series of 470 index 
cases with thoracic aortic aneurysms who had been screened 
for all known gene mutations associated with thoracic aortic 
aneurysms (35). Current standard genetic panels to test for 
aortopathy genes only include 20–25 gene mutations, but these 
panels will expand greatly as new candidate gene mutations are 
discovered. In silico analysis and more advanced informatics 
technology will greatly facilitate the ability to translate these 
findings to clinical practice.

SUMMARY

The American Heart Association (AHA) and American College 
of Cardiology (ACC) provide guidelines on the management of 
thoracic aortic diseases (7), but the most recent guidelines do 
not provide a clear management decision for how to manage AD 
in CTD patients. It is exceedingly rare for an aortic dissection 
to occur in childhood, other than in infancy, due to very severe 
genetic problems or iatrogenic causes; thus, aortic dissection 
is largely considered an adult-onset problem. The reader is 
directed to the current adult congenital heart disease clinical 
management guidelines (36), which are due for an update in 
the near future.

The decision of when to intervene for AD in CTD must be 
weighed on a number of factors, including the number of prior 
cardiac interventions (and thus, likelihood of morbidity of an 
elective procedure), the rate of growth of the aorta over time, 
other lesions that require operative management, and perhaps 
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most importantly, a genetic risk profile. For patients with a strong 
family history of thoracic aortic aneurysm, aortic dissection, or 
a known genetic mutation likely to lead to aortic dissection, 
perhaps, a lower threshold for intervention should be used.

Over time, we may discover advantages to elective aortic root 
replacement to improve LV–aorta coupling, even in patients 
not thought to be at acute risk of aortic dissection, as surgical 
techniques improve. Perhaps, newer discoveries will lead to new 
therapies that prevent, or even reverse, aortopathies.

Ultimately, only time will tell what the true risk for aortic 
complications in CTD is, and if the incidence grows over time 
as this population ages, more research will help determine who 
is at most risk. It is difficult to determine a risk profile when so 
few patients have had aortic complications. Ideally, in this era of 

personalized medicine and high throughput genetic sequencing, 
every patient will have a unique genetic signature that can be used 
to tailor his or her unique risk.
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inTRODUCTiOn

Inherited arrhythmogenic diseases (IADs – also called cardiac channelopathies) are defined as a 
group of genetic diseases characterized by electrically unstable substrate in a structurally normal 
heart (1). Genetic testing in cardiac channelopathies has completed its transition from a research-
based activity to that of a clinical genetic service. In parallel, the advancements of the sequencing 
technologies are providing ways to sequence several genes at a relatively low cost. This is progres-
sively changing the approach to the genetic diagnosis of IADs. Indeed, while Sanger-based genetic 
testing was traditionally limited to the well characterized, most prevalent genes, next-generation 
sequencing (NGS) allows screening even the “minor” disease genes with very short turnaround time. 
This approach to genetic testing is highly efficient, but it is also generating remarkable interpretative 
problems mostly related to the high prevalence of variants of unknown significance (VUS), i.e., not 
clearly related to disease pathophysiology. This issue is relevant to several genetic diseases of the heart 
but is particularly evident in IADs, where the familial co-segregation analysis is hampered by the 
incomplete penetrance and the variable expressivity. How to design the most appropriate screening 
approach is challenging and it requires in-depth knowledge of the specific diseases of interest. In 
this Opinion article, we will review the available NGS approaches and try to outline the available 
strategies to optimize the performance of this genetic testing methodology.

GEnETiC TESTinG OF inHERiTED ARRHYTHMiAS  
in THE ERA OF nGS

Long QT syndrome (LQTS), Brugada syndrome (BrS), and catecholaminergic polymorphic ven-
tricular tachycardia (CPVT) are the main channelopathies that can cause for sudden cardiac death 
(SCD) in children or young adults. In the last few years, the number of genes and genetic variants 
associated with these diseases has increased. For example, there are 15 known LQTS1 genes and at 
least 16 BrS genes.2 Importantly, however, in each disease, there are few major genes and a larger 
number of genes accounting for few cases each. The “minor” genes are usually poorly characterized 
in terms of function and pathophysiological role. As a consequence, the identification of mutations 
in these genes often leads to results that are difficult to interpret. Therefore, the HRS expert consensus 

1 http://www.ncbi.nlm.nih.gov/books/NBK1129/ 
2 http://www.ncbi.nlm.nih.gov/books/NBK1517/ 
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TABLE 1 | Genes included in comprehensive arrhythmias panels.

Genes Location

ABCC9 12p12.1

ACTN2 1q43

AKAP9 7q21.2

ANK2 4q25–q26

ANKRD1 10q23.31

ANKX2.5 5q35.1

CACNA1C 12p13.33

CACNA2D1 7q21.11

CACNB2 10p12.33–p12.31

CALM1 14q32.11

CALM2 2p21

CALM3 19q13.32

CASQ2 1p13.1

CAV3 3p25.3

CTNNA3 10q21.3

DES 2q35

DSC2 18q12.1

DSG2 18q12.1

DSP 6p24.3

EMD Xq28

GPD1L 3p22.3

HCN4 15q24.1

JUP 17q21.2

KCND3 1p13.2

KCNE1 21q22.12

KCNE2 21q22.11

KCNE3 11q13.4

KCNE5 Xq23

KCNH2 7q36.1

KCNJ2 17q24.3

KCNJ5 11q24.3

KCNJ8 12p12.1

KCNQ1 11p15.5–p15.4

LDB3 10q23.2

LMN 1q22

PDLIM3 4q35.1

PKP2 12p11.21

PLN 6q22.31

PRKAG2 7q36.1

RANGRF 17p13.1

RBM20 10q25.2

RYR2 1q43

SCN10A 3p22.2

SCN1B 19q13.11

SCN2B 11q23.3

SCN3B 11q24.1

SCN4B 11q23.3

SCN5A 3p22.2

SLMAP 3p14.3

SNTA1 20q11.21

TBX5 12q24.21

TGFB3 14q24.3

TMEM43 3p25.1

TNNI3 19q13.42

TNNT2 1q32.1

TRDN 6q22.31

TRPM4 19q13.33

TTN 2q31.2
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statement on the diagnosis and management of patients with 
inherited arrhythmias syndromes (2) has outlined the indications 
for genetic testing on the basis of the epidemiological relevance 
of the genes and the clinical implications of genetic testing for 
each disease (i.e., how much the identification of the mutation 
can impact the clinical management).

The NGS, a massive parallel sequencing technology that 
revolutionized the genetic diagnostics, allows large-scale and 
rapid assessment of the entire human genome (3). In principle, 
there are three approaches that can be used: (1) whole genome 
sequencing (WGS), applied to sequence the entire genome, 
coding, and non-coding regions; (2) whole exome sequencing 
(WES) used to analyze only the “exome,” which represents 1% of 
the whole genome; (3) target resequencing panel (TRS) of genes, 
adopted to sequence selected gene sets/panels (4).

The first two approaches, WGS and WES, are mainly applied 
for research purposes, for discovery of new disease genes, while 
TRS is commonly used for the diagnosis in the clinical setting (5).

Recently, Pua et  al. reported a comparison study applying 
different approaches of sequencing, such as TRS, WES, and WGS 
(6). Analyzing a custom panel, including 174 genes involved in 
inherited cardiac disease, they investigated the performances 
of the approaches across this set of genes. Results showed that 
TRS approach achieved a higher coverage (>99.8% at ≥20× read 
depth) compared with the other approaches (88.1 and 99.3%; 
WES and WGS, respectively, at ≥20× read depth). Furthermore, 
this approach has been reported to be faster and more affordable.

AppROACH TO nGS in inHERiTED 
ARRHYTHMiAS

In the pre-NGS era, the analysis of yield of genetic testing 
provided a clear evidence of the tight link between the severity 
of the clinical phenotype and rate of identified mutations. Bai 
et al. (7) showed a high yield of screening (64, 51, and 13% for 
LQTS, CPVT, and BrS, respectively) in patients with a conclusive 
diagnosis compared with the borderline cases (14, 13 and 2%) 
(7). A similar concept also applies in the NGS era. Clinicians 
are tempted to use the fast and efficient NGS technology as a 
diagnostic tool when clinical examinations are inconclusive. This 
can lead to the identification of a high rate of VUS, especially on 
minor genes. Thus, the selection of genes to be included in TRS is 
crucial. In general, there are three NGS strategies available:

(1) Comprehensive cardio panel: 60–180 genes covering all 
known genes (channelopathies and/or cardiomyopathies).

(2) Comprehensive arrhythmias panel: 20–60 genes restricted to 
arrhythmogenic conditions (Table 1).

(3) “Key gene” panels: few genes (3–6 genes), with high evidence, 
related to a specific phenotype.

In patients with conclusive diagnosis, use of TRS panels with a 
limited set of well-characterized genes should be considered the 
first step to reduce the number of tests with uncertain findings 
(first tier) (Figure 1).

The optimal strategy in subjects, who turn out negative in 
the first step, is much less defined. After the exclusion of the 
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FiGURE 1 | Sequencing strategy for genetic testing.
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keys genes, the second tier of screening, using WES approach, 
can be considered (Figure 1). This choice might be preferable 
over the use of comprehensive cardio panels, due to the limited 
evidence of the minor genes associated with channelopathies, 
which cannot justify the investment required for the design and 
production of the second larger disease-specific gene panel. 
Therefore, WES will guarantee the consideration of all the muta-
tions in the minor genes that have not been unraveled yet and 
consider also rare genetic variants in novel genes, still unrelated 
with the phenotype.

Nevertheless, it is clear that there may be hurdles also in the 
interpretations of WES data. Independently from the screening 
approach, it should be considered that for diagnostic purposes 
the presence of (1) a clear pathophysiological link between the 
genetic variant and the phenotype and (2) the co-segregation 
within families, still remain crucial for the interpretation (8).

An example of the first tier strategy was recently reported by 
Millat et al. (9). Analyzing a cohort of 15 LQTS with a key panel, 
including only the main five genes associated with LQTS (KCNQ1, 
KCNH2, SCN5A, KCNE1, and KCNE2), they compared TRS and 
Sanger sequencing. The results showed that Sanger efficiently 
sequenced all the 69 exons compared with the TRS that sequenced 
55/69 exons (86% of the targeted regions). NGS–TRS showed cost 
and turnaround time advantages over Sanger method. The study 
by Millat et al. highlights a very relevant problem, which is com-
mon to all NGS platforms: lack of coverage of specific regions of 
genes. In some cases, the problem can be particularly relevant. For 
example, several exons of KCNH2, a highly prevalent LQTS gene 
(~35% of patients), are not completely sequenced due to their 
high CG rich sequence. Thus, integration with Sanger sequencing 
of uncovered regions is often required with a consequence impact 
on costs and turnaround time.

Another interesting study on the evaluation of the first tier 
approach has been reported by Steffensen et  al. in a cohort of 
39 patients analyzed for the main genes associated with LQTS 
(KCNQ1, KCNH2, SCN5A, and KCNE1) (10). Results showed a 
high percentage of patients (17 patients; 44%) carrying variants 
classified as pathogenic compared with patients carrying VUS or 
VUS likely pathogenic (11 patients; 28%) and no alterations (13 
patients; 34%).

Enlarging the screening to other seven minor genes (ANK2, 
KCNJ2, CACNA1C, CAV3, SCN4B, AKAP9, and SNTA1) associ-
ated with LQTS, the authors identified only three more variants, 
two classified as VUS and one as likely benign, demonstrating 
a very limited contribution, when including minor genes in the 
screening but a significant increase in the cost of the genetic 
tests.

The use of large panels, inclusive of all the minor genes 
may have additional limitations, as reported by Alfares et al. in 
patients with hypertrophic cardiomyopathy (HCM) (11). They 
tested over 9  years, 2,912 probands referred for clinical HCM 
genetic testing with different approaches: 11-gene panel, 18-gene 
panel, and a 50-gene pan cardiomyopathy panel. Results showed 
that the majority of positive tests were due to pathogenic or likely 
pathogenic variants in the MYBPC3 and MYH7 genes (83%), the 
two well-characterized genes routinely screened even with Sanger 
sequencing. Furthermore, analyzing a subset of 202 HCM patients 
with 18-gene panel and the pan cardiomyopathy panel, none of 
the probands had a causative variant outside the 18 “classic” HCM 
genes, suggested that use of the extended cardiomyopathy gene 
panel is useless for patients with HCM and should be reserved for 
patients with atypical clinical phenotypes (12).

SUMMARY AnD FUTURE 
DEVELOpMEnTS

Next-generation sequencing technology has improved sig-
nificantly over the past few years. However, there are still some 
limitations that need to be considered in terms of sensitivity of the 
uncovered regions (lower than Sanger sequencing). Moreover, 
the high-throughput capability is revealing itself as a double edge 
sword: on the one hand, it allows amazingly short turnaround 
time and reduced costs, but on the other hand, it reveals an 
increased rate of VUS and tests that are not conclusive (and 
therefore clinically irrelevant). A way to overcome this problem 
can be the implementation of a shared knowledge based on VUS. 
International collaborative efforts for the annotation of genetic 
variants are currently being explored as a mean to improve the 
interpretation capabilities for NGS results (13). The ClinVar 
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database3 is a publicly available tool for deposition and retrieval of 
variant data and annotations (14). This effort is expected to sup-
port the decision on the pathogenicity of identified variants and, 
most importantly, to resolve the classification of VUS. Meanwhile, 
the most appropriate use of NGS is that of a phenotype-driven 
approach with sequencing panels with a limited number of well-
known genes and used in patients with clear clinical indications 

3 https://www.ncbi.nlm.nih.gov/clinvar/ 

for genetic testing. Therefore, if causative mutations are not 
identified on the “key” disease IAD genes, the analysis should 
take a “research track” with the use of WES. However, patients 
should be counseled accordingly.
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Sudden cardiac death (SCD) in the young (<40 years) occurs in the setting of a variety of 
rare inherited cardiac disorders and is a disastrous event for family members. Establishing 
the cause of SCD is important as it permits the pre-symptomatic identification of relatives 
at risk of SCD. Sudden arrhythmic death syndrome (SADS) is defined as SCD in the 
setting of negative autopsy findings and toxicological analysis. In such cases, reaching 
a diagnosis is even more challenging and post-mortem genetic testing can crucially 
contribute to the identification of the underlying cause of death. In this review, we will 
discuss the current achievements of “the molecular autopsy” in young SADS cases 
and provide an overview of key challenges in assessing pathogenicity (i.e., causality) of 
genetic variants identified through next-generation sequencing.

Keywords: sudden cardiac death, post-mortem genetic testing, molecular autopsy, next-generation sequencing, 
channelopathy, cardiomyopathy

iNTRODUCTiON

Each year, thousands of individuals die suddenly before the age of 35. Sudden cardiac death (SCD) 
in this age category has an estimated incidence of 0.005–0.2 per 1000 individuals per year, which is 
lower than in the general adult population (1). The causes of SCD in the young can be grouped into 
(1) structural heart disease, where the heart is structurally abnormal and (2) the channelopathies 
in which the heart is structurally normal (Figure 1) (2). Post-mortem analysis of young SCD cases 
uncovers a structural cardiac pathology in the majority of cases. However, a subset of around 30% 
remains unexplained (3). Sudden arrhythmic death syndrome (SADS) is defined as SCD in the 
setting of a negative autopsy and toxicological analysis (4, 5). In these cases, reaching a diagnosis 
is challenging and post-mortem genetic testing, the so-called molecular autopsy, can crucially 
contribute to the identification of the underlying (genetic) cause of death (6). This is important for 
clinical and genetic evaluation of surviving family members that are potentially at risk of SCD (7). 
The recent advances in sequencing technologies (next-generation sequencing) have made it possible 
to screen in detail large proportions of the human genome at relatively low cost. However, despite 
these significant developments, distinguishing true disease-causing genetic variants from the bulk 
of genetic variation that is not directly associated with the SCD phenotype is of major importance 
(8). In this review, we will discuss the current achievements of the molecular autopsy in young SADS 
cases and provide an overview of key challenges in assessing pathogenicity (i.e., causality) of genetic 
variants identified through next-generation sequencing (NGS).
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FiGURe 1 | Overview of causes of sudden cardiac death in the young based on post-mortem studies. HCM, hypertrophic cardiomyopathy; ARVC, 
arrhythmogenic right ventricular cardiomyopathy. LQTS, long QT syndrome; CPVT, catecholaminergic polymorphic ventricular tachycardia; SADS, sudden 
arrhythmic death syndrome. Reprinted from Semsarian et al. (3) with permission of the publisher.
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THe CARDiAC CHANNeLOPATHieS

The cardiac channelopathies form a group of inherited disorders 
associated with the occurrence of arrhythmia and SCD in the 
presence of a structurally normal heart. These diseases are caused 
by mutations in genes that encode cardiac ion channel subunits 
or proteins that regulate and interact with ion channels. The 
underlying genetic defect leads to cardiac electrical disturbances 
that have the potential to initiate lethal cardiac arrhythmia (2). 
The cardiac channelopathies include, among others, the Long 
QT syndrome (LQTS), the Short QT syndrome (SQTS), Brugada 
syndrome (BrS), and catecholaminergic polymorphic ventricular 
tachycardia (CPVT) (5).

Long QT Syndrome
The LQTS is characterized by prolongation of the QT-interval 
on the surface electrocardiogram (ECG) associated with syncope 
and SCD as a result of torsades des pointes (TdP) ventricular 
tachycardia (VT) (9). The disease is genetically heterogeneous 
and has an estimated prevalence of 1:2000 (10). The inherit-
ance pattern is generally autosomal dominant and mutations 
in 16 different genes have been associated with the disorder 
(11). Together, mutations in three major LQTS-causing genes 
account for ~90% of genotype-positive LQTS patients (7, 12). 
These genes include KCNQ1 encoding for the Kv7.1 potassium 
channel (LQT1, 40–55%), KCNH2 (LQT2, 30–45%) encoding for 
the Kv11.1 potassium channel, and SCN5A (LQT3, 5–10%) that 
encodes for the Nav1.5 sodium channel. Genotype–phenotype 
studies have uncovered genotype-specific clinical presentations 
that can contribute to the diagnosis of SADS cases based on the 
circumstances of the SCD (13). In LQT1, cardiac events occur 
typically during exercise and more specifically during swimming 
and diving, whereas in LQT2 symptoms are often triggered by 
sudden auditory stimuli. Patients with LQT3 usually present with 
symptoms during rest or sleep. The 13 minor LQTS-associated 
genes have been linked to LQTS in small studies with varying 

evidence of disease association (2). LQTS can also present with 
extra-cardiac features. The Jervell and Lange-Nielsen (JLN) syn-
drome is characterized by significant QTc-interval prolongation 
accompanied by severe arrhythmias and sensorineural deafness. 
JLNS is caused by homozygous or compound heterozygous 
mutations in KCNQ1 (14) or KCNE1 (15). The Andersen–Tawil 
syndrome (LQT7) presents with QTc-interval prolongation, 
hypokalemic periodic paralysis and facial dysmorphism. The 
disease is caused by mutations in KCNJ2 (16). Timothy syndrome 
(LQT8) presents with severe QTc-prolongation, cardiac arrhyth-
mia, syndactyly, autism, and malignant hypoglycemia. The most 
common associated mutation is the heterozygous G406R muta-
tion in CACNA1C (17). The presence of extra-cardiac features has 
the potential to contribute to the unequivocal identification of 
the underlying genetic defect and identify an overlooked clinical 
diagnosis.

Catecholaminergic Polymorphic 
ventricular Tachycardia
Catecholaminergic polymorphic ventricular tachycardia is an 
inherited arrhythmia syndrome characterized by the onset of 
life-threatening arrhythmia during exercise or acute emotional 
stress (18). These patients have a normal resting ECG and the 
disease can be diagnosed using exercise-stress testing or Holter 
recording, revealing typical bidirectional or polymorphic VT (5). 
When left untreated SCD occurs in up to 30% of cases before 
the age of 40 (19, 20). The autosomal-dominant form of CPVT 
is caused by mutations in RYR2 (21) encoding for the ryanodine 
receptor, whereas an autosomal recessive and more rare form 
is caused by biallelic mutations in CASQ2 (22) that encodes for 
the calsequestrin-2 protein. In addition, mutations in TRDN, 
CALM1, KCNJ2, and ANKB have also been identified in a small 
set of CPVT patients (2). Mutations in RYR2 can be identified 
in ~60% of CPVT cases that have a classical phenotype and 
these mutations are mainly located in clusters within the gene 
(21, 23, 24). Genotype-phenotype studies have been conducted 
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and these data suggest a higher arrhythmia risk associated with 
mutations in the C-terminal portion of the protein (25).

Brugada Syndrome
Brugada syndrome can present with syncope due to polymorphic 
VT and SCD as a result of ventricular fibrillation. SCD most com-
monly occurs during rest or sleep and it typically occurs in males 
in the fourth decade of life (5, 26). Recent guidelines state that 
BrS is diagnosed when a coved ST-segment elevation of ≥0.2 mV 
is present in at least one precordial lead, either occurring spon-
taneously or after administration of a sodium channel-blocking 
agent (5). The typical ECG pattern can be concealed and may be 
intermittently present. In addition to sodium channel blockers, 
the typical BrS ECG pattern can also be induced by pyrexia (26). 
Loss-of-function mutations in SCN5A, encoding for the Nav1.5 
sodium channel, are identified in ~16% of BrS cases (27). In addi-
tion to SCN5A, multiple other genes have been associated with 
this disorder (2). Even though the yield of genetic testing is low, 
genetic testing of SCN5A can identify a pathogenic mutation that 
could contribute to further genetic risk stratification in the fam-
ily (5, 7). The observation that within some families the SCN5A 
mutation does not segregate with the disease suggests a potential 
modifying or more complex role for other genetic factors (28). 
Furthermore, a recent study suggested a more complex form 
of inheritance for the BrS with an important role for common 
genetic variation in disease susceptibility (29).

Short QT Syndrome
The SQTS presents with a short QT-interval on the surface ECG 
(<350  ms) predisposing to supraventricular and ventricular 
arrhythmia and is associated with a high risk of SCD (30, 31). 
The disorder is genetically heterogeneous and inherited in an 
autosomal-dominant mode. SQTS has been associated with 
pathogenic variants in genes that encode potassium channels 
(KCNQ1, KCNH2, and KCNJ2), which are also implicated in 
LQTS (32–34). Importantly, SQTS-causing variants in these 
genes lead to a gain-of-function on the affected channel, whereas 
the LQTS-causing variants lead to a loss-of-function. In addition, 
Cav1.2 L-type calcium channel subunits (CACNA1C, CACNB2) 
have been associated with SQTS (35). Even though in half of 
SQTS cases familial disease is present, the yield of genetic testing 
is around 14% (36).

THe CARDiOMYOPATHieS

The inherited cardiomyopathies include hypertrophic car-
diomyopathy (HCM), dilated cardiomyopathy (DCM), and 
arrhythmogenic cardiomyopathy (ACM) (37). The hallmark 
of HCM is unexplained ventricular hypertrophy, and myocyte 
disarray and fibrosis during histological analysis (38). The disease 
has an autosomal-dominant mode of inheritance in the majority 
of cases, with mutations predominantly located in genes encod-
ing sarcomeric proteins. Most mutations are found in MYBPC3 
and MYH7 (39, 40). SCD occurs in only a small subset of HCM 
cases (38). DCM can present with heart failure due to dilatation of 
the left ventricle and systolic dysfunction (41). In approximately 
one-third of patients with idiopathic DCM, a positive family 

history for DCM can be identified (42). The inheritance pattern 
varies and is most commonly autosomal dominant or autoso-
mal recessive, whereas X-linked inheritance or mitochondrial 
inheritance is less common (43, 44). The disease is genetically 
heterogeneous and more than 30 genes have been associated 
with DCM, although the evidence of disease association is highly 
variable. The most common genetic causes of DCM are found in 
TTN, MYH7, LMNA, and TNNT2 (43). Importantly, mutations in 
LMNA have been associated with a form of DCM with significant 
cardiac conduction abnormalities and the occurrence of cardiac 
arrhythmia. Therefore, the identification of a mutation in LMNA 
during molecular autopsy has the potential to offer pre-symp-
tomatic intervention (e.g., implantable defibrillator, pacemaker) 
to surviving family members carrying the familial LMNA muta-
tion (45). ACM is characterized by fibrofatty infiltration of the 
myocardium and a high susceptibly to ventricular arrhythmia 
and SCD at young age (46). The disease is most commonly 
inherited in an autosomal-dominant fashion and gene mutations 
are mostly found in the following desmosomal genes: PKP2, JUP, 
DSP, DSC2, and DSG2 (47). ACM has a variable disease expres-
sivity and reduced penetrance among mutation carriers (48). It 
may affect the right ventricle predominantly (arrhythmogenic 
right ventricular cardiomyopathy – ARVC), the left ventricle, or 
both. Genetic testing in ACM can be helpful to identify family 
members at risk (7).

THe MOLeCULAR AUTOPSY

Post-mortem genetic testing, using DNA extracted from blood or 
other tissue after death, has an important role in the identification 
of the underlying genetic cause in SADS cases (i.e., SCD cases 
with negative toxicology and pathology analysis). This process 
has been termed the “molecular autopsy” (Figure  2). Recent 
guidelines recommend the use of post-mortem genetic testing 
in cases where clinical evidence suggests a diagnosis of the LQTS 
or CPVT (5, 7).

In 1999, the identification of LQT1 as the underlying cause of 
death in a 19-year-old female was reported by Ackerman and col-
leagues (49). Several years after this report, Chugh and colleagues 
analyzed 5 LQTS-associated genes (KCNQ1, KCNH2, SCN5A, 
KCNE1, and KCNE2) in 12 sudden unexplained death cases in 
whom no diagnosis could be established after thorough post-
mortem analysis of 270 adult SCD cases. Through this analysis, 
the authors identified the same KCNH2 missense mutation in 2 
out of 12 cases (yield of genetic testing: 17%) (50). Shortly after-
wards, another study reported the post-mortem genetic analysis 
in 10 cases of juvenile (13–29 years) sudden unexplained death 
cases and identified LQTS-associated mutations in two patients 
(51). Subsequently, multiple similar post-mortem genetic studies 
have been conducted by several groups (52–58). In one study, 
33 young cases were examined for LQT1–6 genes, and a puta-
tive pathogenic mutation was identified in 15% of patients (59). 
Tester and colleagues conducted a post-mortem analysis in 49 
cases screening 18 exons of the CPVT-associated gene RYR2 
(60). In a subsequent study in the same cohort, these authors 
analyzed the three major genes associated with LQTS (KCNQ1, 
KCNH2, and SCN5A) (61). The genetic yield of CPVT and that 
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of LQTS genetic testing were, respectively, 14 and 20%, with an 
overall genetic yield reaching 35%. In an extended cohort of 173 
autopsy-negative sudden unexplained death cases from the same 
group, five genes associated with LQTS and RYR2 were screened 
(62). In this expanded analysis, 25% out of the 173 cases carried a 
potentially pathogenic variant in a LQTS-associated gene (14.5%) 
and RYR2 (12%). Even though SCD was the presenting event in 
the majority of these patients, nearly 60% of the mutation positive 
cases had a family history of cardiac events. These studies showed 
that a significant proportion of unexplained death in the young is 
caused by cardiac channelopathies.

NeXT-GeNeRATiON SeQUeNCiNG 
MOLeCULAR AUTOPSY STUDieS

The above-mentioned molecular autopsy studies have inves-
tigated a small number of channelopathy-associated genes. 
Recent advances in sequencing technologies (next-generation 
sequencing) have now made it possible to screen in detail an 
increasing number of genes in cardiac gene panels (i.e., >100 
genes) at relatively low cost and using a limited amount of DNA. 
In addition, whole-exome sequencing (WES), where the coding 
regions of all ~22,000 genes is sequenced, has been introduced in 
post-mortem genetic testing as well. It is important to note that 
these NGS-based studies did not only consider more genes, but 
also extended to the inclusion of genes involved in the inherited 
cardiomyopathies (in addition to the channelopathy genes). The 
role of the cardiomyopathy-associated genes in normal-cardiac 
autopsy SCD cases remains largely unexplored. In evaluating 
these NGS-based studies, one should keep in mind that they 
not only screened varying numbers of genes but also employed 
different methods of variant prioritization (based on minor 

allele frequency (MAF) in the general population as cut-off, 
in  silico prediction tools for variant pathogenicity). Therefore, 
the genetic yield of these studies should be interpreted in relation 
to the varying variant curation and categorization. Bagnall and 
colleagues, conducted a post-mortem WES study in 28 sudden 
unexplained death cases and identified three rare variants in the 
major LQTS-associated genes when they focused their analysis 
on only a small panel of four genes (KCNQ1, KCNH2, SCN5A, 
and RYR2) (63). In subsequent analyses, more than 70 arrhythmia 
and cardiomyopathy-associated genes were included and this 
led to the identification of an additional variant in CACNAC1 
that had been previously reported in a LQTS family. Of note, 
this additional analysis (using a MAF cut-off of <0.1% in 7500 
publically available exomes) identified a large number of variants 
of unknown significance (VUSs), attesting to the complexity of 
analyzing such data. In a more recent study, WES followed by the 
analysis of 135 genes associated with cardiac channelopathies and 
cardiomyopathies was performed in 59 SADS victims (age range: 
1–51 years) (64). Of these, 20 cases had subtle post-mortem car-
diac structural abnormalities not reaching the diagnostic criteria 
for one of the cardiomyopathies. A primary analysis using a filter-
ing MAF ≤0.02% based on the NHLBI exome sequencing project 
identified rare variants in seven probands. Three of these variants 
were located in ion channel genes of which two were known 
LQTS-associated de novo variants in SCN5A and one known 
CPVT-associated variant in RYR2. The other four rare variants 
were found in cardiomyopathy-associated genes. In a secondary 
analysis, using a MAF cut-off of 0.02–0.5%, previously reported 
variants were identified in an additional 10 probands. However, 
the clinical significance of these variants has yet to be determined.

Recently, Hertz and colleagues screened 52 SCD cases with 
non-diagnostic structural cardiac abnormalities during autopsy 
using a gene panel consisting of 100 genes previously associated 
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with cardiac channelopathies and cardiomyopathies (65). 
Genetic variants were prioritized using MAF in control popula-
tions (<1%), measures of evolutionary sequence conservation, 
prediction of deleteriousness, and prior disease association of 
the variant in the Human Genome Mutation Database (HGMD). 
Variants were subsequently classified as (a) likely, (b) unknown, 
or (c) unlikely to have functional effects by two physicians. Fifteen 
individuals (29%) were identified as carriers of variants with 
“likely functional effects” according to their classification system. 
In another study, Ackerman and colleagues performed WES and 
gene-specific analysis of 117 sudden death-susceptibility genes 
in 14 cases of sudden unexplained death in the young (66). In 
their analyses, eight rare variants in six genes were identified in 
seven cases. More recently, the same authors performed WES in 
21 cases in whom no mutation was found during the screening 
of KCNQ1, KCNH2, SCN5A, and RYR2 (67). Interestingly, three 
variants (CALM2-F90L, CALM2-N98S and PKP2-N634fs) were 
classified as pathogenic according to the quideline recommenda-
tions of the American College of Medical Genetics (ACMG) (68). 
Of the 18 remaining cases, 7 carried at least 1 VUS in 1 of the 100 
genes associated with SCD.

Thus far, several comparable post-mortem genetic studies 
using NGS have been conducted recently by several groups 
(69–72). Collectively, from these studies, it is clear that expanding 
the number of tested genes from small channelopathy panels to 
large panels containing a broader set of channelopathy genes, and 
even the cardiomyopathy-associated genes, increases the yield of 
likely causal variants only slightly as opposed to the large number 
of VUSs that are uncovered. The interpretation of these variants 
is challenging and their clinical utility is currently minimal. In 
addition, the large majority of SADS cases remain unexplained 
despite NGS screening of large gene panels.

iMPLiCATiNG GeNeTiC vARiANTS 
iDeNTiFieD THROUGH NGS iN THe 
MOLeCULAR AUTOPSY

Post-mortem genetic testing using NGS is plagued by the same 
issues as genetic testing in patients with aborted SCD (and many 
other disorders) with the added complication that one cannot 
undertake further clinical tests in the deceased patient. The 
incorporation of NGS in post-mortem genetic testing requires 
the capability of assessing the genetic variants identified. False 
assignment of causality can have significant consequences for 
patients and their families (73). Even though assessing patho-
genicity (i.e., causality) of genetic variants is complex, there are 
several steps to aid in this process (74, 68). It is important to note 
that each of these steps contributes to rather than determines the 
classification of a given variant.

Gene-Level implication
Unlike the major channelopathy or cardiomyopathy-associated 
genes, some of the minor associated genes have been implicated 
in disease in small studies and evidence of disease association 
has not always been robust (absence of linkage data or absence 
of recurrent implication of the gene in independent families). 

Including these minor genes in NGS panels often leads to the 
identification of a plethora of VUSs. Their clinical utility in 
establishing the diagnosis in a SADS case and for genetic risk 
stratification of family members is, therefore, likely to be small. 
Therefore, the evaluation of an identified variant should start with 
the assessment of the published data linking that gene to a specific 
form of disease. In addition, these data should also be taken into 
consideration during the design of clinical channelopathy and 
cardiomyopathy gene panels.

variant-Level implication
The assessment of a genetic variant has to take into account the large 
background of genetic variation in the human genome. Healthy 
individuals carry multiple rare protein-altering variants and this 
has been described as “genetic background noise.” Consequently, 
one of the first important steps in variant prioritization is filter-
ing using the variant MAF in the general population using large 
ancestry-matched publically available reference databases, such 
as the Exome Aggregation Consortium (WES data from >60,000 
individuals) (75). However, rarity of a variant does not, by defini-
tion, implicate disease causality.

After the identification of a genetic variant in a SADS case, 
co-segregation with disease status should whenever possible be 
performed in surviving family members. De novo inheritance of 
rare genetic variation in an SCD-associated gene in a SADS case, 
with unaffected parents, provides strong evidence for disease 
association. Of importance, parental mosaicism, as opposed to 
de novo inheritance should be taken into account during genetic 
counseling as this could lead to the false assumption that siblings 
are genetically unaffected. Parental mosaicism has been described 
previously in Timothy syndrome (LQT8) (76).

The previous identification of the genetic variant in an inde-
pendent proband displaying the same or similar phenotype is 
also highly valuable. Such previous associations can be found by 
scanning the literature and by using in-house or public databases 
of disease variants. Of importance, these previous published stud-
ies should be assessed carefully (i.e., study design, co-segregation 
in the family, functional data) to assess the strength of disease 
association. In this regard, some of the previously published 
“pathogenic” variants in the literature have later been shown to 
be at such a high MAF in the general population that their role 
in disease is questioned (77–79). The assessment of a variant’s 
pathogenicity would benefit from centralized depositories that 
include curated evidence for previously identified disease-
associated variants.

Computational prediction tools, such as sorting intolerant 
from tolerant (SIFT) and PolyPhen2, can be helpful in the process 
but should be handled with caution. Measures of evolutionary 
sequence conservation among species (orthologs) and among 
proteins derived from same ancestral gene (paralogs) can have 
value in the assessment of variants. Paralog annotation tools 
have been applied to the cardiac channelopathies and are freely 
available online (80). The Grantham score is a measure of the 
difference in the physicochemical properties of the amino acid 
substitutions and a higher score indicates larger differences 
between amino acids (81). Combining these in silico prediction 
tools has been performed for KCNQ1, KCNH2, and SCN5A and 
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has shown a synergistic utility during the assessment of genetic 
variation within these genes (82, 83). Most of the recently con-
ducted NGS-based port-mortem genetic testing studies have also 
incorporated in  silico prediction tools in variant prioritization 
(65, 69, 70). Despite these developments, prediction algorithms 
should not be regarded as stand-alone evidence of pathogenicity. 
Although certain classes of genetic variation, such as splice-site 
or truncating variants, are much more likely to affect the protein, 
their role should be assessed in the specific gene context and if 
loss of function is a known mechanism of disease. Functional 
studies can contribute to the understanding of a variant’s biologi-
cal consequences. However, these studies are labor-intensive and 
require specialized research centers.

CONCLUSiON AND FUTURe DiReCTiONS

Next-generation sequencing (NGS) has made it possible to screen 
large gene panels, spanning not only the channelopathy genes but 
also the cardiomyopathy genes, in search for the cause of SCD. 
While these panels have made it possible to broadly screen for 
genetic variation, it comes with the challenge of interpreting 
any identified VUS. As seen for the cardiac channelopathies and 
cardiomyopathies, the genetic architecture of SADS is character-
ized by large genetic and allelic heterogeneity, which adds to the 
difficulty of genetic screening in these patients. Even though 
the majority of SADS cases remain elusive after NGS screening, 
the generated data make it possible to combine similar datasets 

through future international collaboration. This has the huge 
potential to demonstrate statistically an excess of rare genetic 
variation in known SCD genes (or more interestingly in new 
genes) in comparison to controls through burden testing (74). 
Even though presumed to be monogenic, the genetic architecture 
of SADS is largely unknown in the majority of cases and such 
case-control studies could point toward a genetic model in which 
an accumulation of rare genetic variation is required to develop 
symptoms. However, implementation of the oligogenic model 
in the segregation within families will be challenging and may 
require different approaches.
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Although relatively rare, inherited primitive cardiac disorders (IPCDs) in athletes have a 
deep social impact since they often present as sudden cardiac death (SCD) of young and 
otherwise healthy persons. The diagnosis of these conditions is likely underestimated 
due to the lack of shared clinical criteria and to the existence of several borderline clinical 
pictures. We will focus on the clinical and molecular diagnosis of the most common 
IPCDs, namely hypertrophic cardiomyopathies, long QT syndrome, arrhythmogenic 
right ventricular cardiomyopathy, and left ventricular non-compaction. Collectively, 
these conditions account for the majority of SCD episodes and/or cardiologic clinical 
problems in athletes. In addition to the clinical and instrumental tools for the diagnosis of 
IPCD, the viral technological advances in genetic testing have facilitated the molecular 
confirmation of these conditions. However, genetic testing presents several issues: 
the limited sensitivity (globally, around 50%), the low prognostic predictive value, the 
probability to find pathogenic variants in different genes in the same patient, and the 
risk of non-interpretable results. In this review, we will analyze the pros and cons of the 
different clinical approaches for the presymptomatic identification, the diagnosis and 
management of IPCD athletes, and we will discuss the indications to the genetic testing 
for patients and their relatives, particularly focusing on the most complex scenarios, such 
as presymptomatic tests, uncertain results, and unexpected findings.

Keywords: athletes, sudden cardiac death, genetics, medical, hypertrophic cardiomyopathy, long QT syndrome, 
arrhythmogenic right ventricular displasia, isolated non-compact myocardium

iNTRODUCTiON

Inherited primitive cardiac disorders (IPCDs) comprise a wide and heterogeneous group of condi-
tions. Two major subcategories of IPCDs are universally recognized: primitive cardiomyopathies 
and primitive electric disorders of the heart. Primitive cardiomyopathies can be defined as disorders 
characterized by morphologically and functionally abnormal myocardium, in the absence of other 
diseases that can cause the observed cardiac phenotype (1). This definition is aimed at distinguishing 
primitive cardiomyopathies from conditions in which the cardiac involvement is secondary to a 
systemic disorder. Primitive electric disorders are conditions characterized by the presence heart 
electric conduction disturbances with a morphologically normal myocardium (2). However, while 
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TABLe 1 | The genes most commonly altered in cardiomyopathies.

Gene name Gene symbol Frequency (%)

Hypertrophic cardiomyopathy
Beta-myosin heavy chain MYH7 15–25
Cardiac myosin-binding protein C MYBPC3 15–25
Cardiac troponin T TNNT2 <5
Cardiac troponin I TNNI3 <5
Alpha-tropomyosin TPM1 <5
LIM-binding domain 3 LBD3 1–5
Ventricular regulatory myosin light chain MYL2 <2
Myosin light chain 3 MYL3 <1
Cardiac muscle alpha actin ACTC1 <1

Long QT syndrome
Potassium channel, voltage gated, member 1 
(Kv7.1; LQT1)

KCNQ1 40–55

Potassium channel, voltage gated, member 2 
(Kv11.1; LQT2)

KCNH2 30–45

Sodium channel, voltage gated, type V,  
α subunit (Nav1.5; LQT3)

SCN5A 5–10

Arrhythmogenic right ventricular cardiomyopathy
Plakophilin 2 PKP2 10–45
Desmoplakin DSP 10–15
Desmoglein DSG2 7–10
Desmocollin 2 DSC-2 2
Junction plakoglobin JUP <1

Genes that are rarely mutated have not been included [adapted from Bos et al. (11), 
Mizusawa et al. (12), and Iyer and Chin (13)].
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the pathophysiological mechanisms are different, the two groups 
of IPCDs encompass a continuous spectrum of diseases: rhythm 
disturbances occur in cardiomyopathies secondary to myocardial 
disarray and are the leading cause of death. Most IPCDs are 
Mendelian conditions, most commonly transmitted as autoso-
mal dominant traits with incomplete penetrance, show familial 
recurrence and have a high degree of genetic heterogeneity (many 
genes causing the same or similar phenotypes).

First level diagnostic tools are standard cardiologic investiga-
tions, such as electrocardiography (ECG) and/or echocardi-
ography (EchoCG), which can be supplemented with cardiac 
magnetic resonance and/or Holter ECG when needed (3). These 
will not be discussed in this review, since papers more focused on 
clinical aspects have been recently published (3).

The prevalence of IPCDs in general is likely underestimated, 
due to the reduced penetrance (see below), and to the existence 
of a wide gray zone between normal and definitely pathological 
instrumental findings.

In the setting of sports medicine, the identification and clinical 
management of IPCD becomes even more complex: the younger 
age of the population at risk and the presence of common features 
between IPCD and athlete heart may delay or prevent a timely 
diagnosis of these conditions; additionally, the extreme exertion 
may exacerbate underlying cardiac defects. The onset of IPCD 
symptoms in athletes is often dramatic, since these are the lead-
ing cause of sudden cardiac death (SCD). Thus, presymptomatic 
identification of affected individuals is of paramount relevance. 
Following an IPCD diagnosis, it is crucial to evaluate the eligibil-
ity for competitive or recreational sports (that implies a lesser 
cardiac impact), to establish the prognosis, to prevent the occur-
rence of fatal events, and, last but not least, to evaluate the risk for 
the athlete’s offspring and sibship.

The main relevance of genetic testing for IPCDs is in iden-
tifying at risk subjects or to solve diagnostic uncertainties. The 
most commonly altered genes involved in IPCDs are listed in 
Table 1. The introduction of next-generation sequencing (NGS) 
platforms in diagnostic laboratories and the consequential reduc-
tion of costs of molecular analysis per patient have improved the 
diagnostic yield and reduced the time interval between sampling 
and final reports. However, the data accrued have revealed the 
complexity of the genetics of IPCD (4–10). With the traditional 
Sanger sequencing diagnostic approach, single genes were 
investigated sequentially, one after another, and often testing 
was interrupted when a pathogenic or likely pathogenic variant 
was found. NGS-based approaches allow to test several genes 
simultaneously. As a consequence, the finding of individuals 
carrying ≥2 rare pathogenic or potentially pathogenic variants 
in the same or different genes has become not uncommon. At the 
same time, there has been a surge in the numbers of variants of 
uncertain significance (VUS) detected. Moreover, it has become 
clear that allelic variants in the same gene can be associated 
with different phenotypes, increasing the difficulties inherent to 
the interpretation of genetic test results. These findings suggest 
that the variable phenotypic spectrum of IPCDs cannot be only 
accounted for by classical Mendelian mechanisms, and point 
toward the involvement of an oligogenic model with strong 
environmental influences.

In this review, we will focus on the clinical and molecular 
diagnosis of the most common IPCDs in athletes, namely hyper-
trophic cardiomyopathies (HCMs), long QT syndrome (LQTS), 
arrhythmogenic right ventricular cardiomyopathy (ARVC), and 
left ventricular non-compaction (LVNC). We will also discuss 
about the TTN gene, one of the largest genes in our genome 
encoding for the giant protein Titin, which is often altered in dif-
ferent clinical conditions. We will finally discuss the prognostic 
utility of genetic testing, and the counseling approaches to IPCD 
patients and their families.

HYPeRTROPHiC CARDiOMYOPATHieS

Hypertrophic cardiomyopathies belong to the wider spectrum 
of cardiomyopathies that include also the dilative and restrictive 
phenotypes. HCM is diagnosed on the basis of left ventricular 
hypertrophy, in the absence of abnormal loading conditions. The 
estimated prevalence in the young adults is about 0.1–0.2%, which 
does not likely reflect the prevalence in the general population that 
is expected to be higher (14): available data have been obtained 
through clinical studies, and thus do not take into account the 
ascertainment biases related to later onset of symptoms and to 
the presence of borderline patients (14). According to studies 
performed in the US, HCM is the most common cause of SCD in 
young athletes (15–17); it is noteworthy that in countries where 
the preparticipation screening by ECG is mandatory by law, the 
incidence of HCM as cause of SCD among athletes is dramatically 
lower (18).

About half of HCM cases are familial with an autosomal 
dominant pattern of inheritance. More than 20 genes have been 
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TABLe 2 | LQTS diagnostic criteria [from Schwartz and Crotti (25)].

Points

electrocardiographic findingsa

A. QTcb

≥480 ms 3
460–479 ms 2
450–459 ms (in males) 1

B. QTcb fourth minute of recovery from exercise stress
Test ≥480 ms 1

C. Torsade de pointesc 2
D. T wave alternans 1
E. Notched T wave in 3 leads 1
F. Low heart rate for aged 0.5

Clinical history
A. Syncopec

With stress 2
Without stress 1

B. Congenital deafness 0.5

Family history
A. Family members with definite LQTSe 1
B. Unexplained sudden cardiac death below 30 years of age 
among immediate family memberse

0.5

aIn the absence of medications or disorders known to affect these electrocardiographic 
features.
bQTc calculated by Bazett’s formula where QTc = QT/√RR.
cMutually exclusive.
dResting heart rate below the second percentile for age.
eThe same family member cannot be counted in A and B.
Score: ≤1 point: low probability of LQTS; 1.5–3 points: intermediate probability of 
LQTS; ≥3.5 points high probability.

Tiziano et al. Athletes and Genetics

Frontiers in Cardiovascular Medicine | www.frontiersin.org August 2016 | Volume 3 | Article 28

related to HCM: b-myosin heavy chain (MYH7) and cardiac 
myosin-binding protein C (MYBPC3) account for about 50% 
of the cases; the other genes are rarely affected, with some 
involved in a single family so far. Incomplete penetrance is 
an important issue for HCM management. Environmental 
factors (such as intense training) and/or modifier genes may 
increase the risk of clinical manifestations especially during 
exercise or sport. If this was the case, one should expect to find 
more frequently clinical/instrumental signs of HCM among 
athletes compared with the general population. However, to 
the best of our knowledge, there are no available data on the 
true prevalence of HCM among professional athletes. Since the 
main complication of this condition is sudden death, the devel-
opment of primary prevention programs aimed at identifying 
at risk subjects is very important, despite the relatively low 
frequency of HCM (16–18). There are not yet enough sensitive 
clinical markers that may help to identify HCM patients at risk 
of sudden death. The most reliable predictors are family history 
of sudden death related to HCM, syncope or presyncope events, 
ventricular tachyarrhythmia, marked hypotension during 
training, extreme left ventricle hypertrophy, and extended late 
enhancement at cardiac MRI (19–22), but their performance 
is far from satisfactory. A quantitative approach for the assess-
ment of the risk of sudden death in HCM has been reported 
by O’Mahony et al. (23), the so-called HCM risk SCD. In this 
case, the risk is estimated on the basis of data collected in a 
retrospective longitudinal study by taking into account differ-
ent variables.

Rather than for patients with clear HCM phenotypes, genetic 
testing may be useful for the proper interpretation of borderline 
patients falling in the gray zone. However, reduced penetrance, 
genetic heterogeneity, and high VUS frequency make the 
interpretation of the clinical significance of genetic variants chal-
lenging. Furthermore, a preliminary NGS-based study reported 
the occurrence of double heterozygosity in a high proportion 
of HCM patients, 2 of the 11 patients with pathogenic variants. 
These patients were reported as having a more severe phenotype 
compared with patients with a single disease causing variant (24).

With regard to practical implications for molecular diagnosis, 
according to the guidelines of the European Society of Cardiology 
(ESC), genetic testing could be offered to all patients fulfilling 
the HCM diagnostic criteria. Irrespective of the sequencing 
methodology employed, genetic analysis should include the most 
commonly implicated sarcomere protein genes (1). Following 
the identification of a definite pathogenic variant in the proband, 
genetic testing can be offered to all relatives on a voluntary basis. 
If no causative variants are found in the proband, relatives should 
be advised to undergo clinical reassessment should symptoms of 
HCM manifest.

LONG QT SYNDROMe

Long QT syndrome is defined by the finding of a prolonged QT 
interval in standard ECG recording. It is generally accepted that 
the normal duration of the QT interval is 0.37–0.44 s. Based on 
this criterion, the diagnosis of LQTS is apparently easy, but 15% 
of subjects in the general population have a QT interval >0.44 s 

(0.44–0.47 s) and 25–35% of individuals with a pathogenic vari-
ant in one of the LQTS genes has a normal QT interval (25, 26). 
This latter observation deserves some additional comments: at 
this stage, it is very difficult to establish whether the finding of 
a variant considered disease causing in asymptomatic patients 
is due to reduced penetrance or if, in the light of more recent 
concepts of molecular genetics, it is the consequence of a wrong 
interpretation, and the observed DNA change in a VUS, or even 
a rare benign, not clinically relevant, variation.

Since the diagnostic value of QT interval measurement on 
its own is not sufficient, a scoring method based on multiple 
parameters is currently used [Table 2; (27)]. LQTS belongs to the 
wider nosologic group of the channelopathies, and its cumulative 
prevalence is about 1/2,500: as in the case of HCM, this is likely 
an underestimate, due to the wide phenotypic heterogeneity. 
The majority of cases are familial (about 90%). As in the case of 
HCM, few genes account for the vast majority of cases: specifi-
cally, defects in KCNQ1, KCNH2, and SCN5A are found in about 
80% of patients. Double heterozygotes are not uncommon: two 
pathogenic or likely pathogenic variants in different genes are 
observed in about 10% of patients, and these often display more 
severe phenotypes (28).

The diagnosis of LQTS in athletes is complicated by the cor-
relation between duration of the QTc interval and exercise, and 
the extreme variation of heart rate reached by athletes. In two 
studies, the prevalence of LQT was 0.6 and 0.4% in an Italian and 
a British athlete population, respectively (29, 30), that is about 
10- to 15-fold higher than in the general population. In the British 
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study, molecular screening of KCNQ1, KCNH2, and SCN5A was 
performed in five of the seven patients with LQT, three of whom 
had a QT interval >0.50 s and additional signs reinforcing the 
suspicion of LQTS; a pathogenic variant was found only in one 
patient. However, the apparently low yield of genetic testing in 
this cohort of patients could be related to technical limitations. 
A proper diagnosis of LQTS in athletes is of particular relevance: 
besides the obvious implications for the patient and the family, 
it entails also important career implications, since it is suggested 
that it may represent a contraindication to competitive sport 
disciplines involving moderate- and high-intensity strenuous 
exertion (31–33).

ARRHYTHMOGeNiC RiGHT 
veNTRiCULAR CARDiOMYOPATHY

Arrhythmogenic right ventricular cardiomyopathy is a cardiac 
muscle disease characterized by life-threatening ventricular 
arrhythmias. The estimated prevalence is about 1:2,500–5,000. 
ARVC is considered one of the major causes of sudden death 
in young individuals and in athletes (18). ARVC is generally 
associated with ECG alterations, including negative T wave in 
right precordial leads, ventricular arrhythmias with a left bundle 
branch block morphology, epsilon waves, and others. However, 
some of these abnormalities are not specific and may be found in 
other pathological conditions with a different prognosis, such as 
myocarditis (34). The extensive use of ECG screening may help 
the sports physician to suspect the diagnosis, while genetic testing 
may be very useful for the differential diagnosis with more benign 
conditions.

Cardiac pathology shows dystrophy of the right ventricular 
myocardium with fibrofatty replacement. The clinical picture 
may include a subclinical asymptomatic phase; ventricular 
fibrillation, or an electrical disorder with palpitations and 
syncope, due to tachyarrhythmias of right ventricular origin, 
may be the first presentation. Most ARVC genes encode for 
proteins of mechanical cell junctions (DSC2, DSG2, DSP, PKP2, 
JUP, and DES), while others encode for structural proteins of 
the nuclear membrane (LMNA and TMEM43) or membrane 
channels (RYR2). ARVC has an autosomal dominant pattern of 
inheritance with incomplete penetrance. Pathogenic variations 
in the nine ARVC genes identified so far account for about 50% 
of cases. Double heterozygotes have been reported also in this 
condition. Clinical diagnosis may be achieved by demonstrating 
functional and structural alterations of the right ventricle, depo-
larization and repolarization abnormalities, arrhythmias with 
left bundle branch block morphology, and fibrofatty replacement 
upon endomyocardial biopsy [see Basso et al. (35) for a review]. 
Albeit rare, the diagnosis of ARVC is of crucial importance for 
athletes, due to the risk of sudden death: the condition was origi-
nally described as the most common cause of death in sports-
men. However, it is now evident that the condition has a wide 
phenotypic variability, including very mild asymptomatic cases: 
sport activity may increase the risk of ventricular arrhythmias in 
asymptomatic subjects with pathogenic variants in desmosomal 
genes (36).

LeFT veNTRiCULAR NON-COMPACTiON

Left ventricular non-compaction is due to the precocious arrest of 
myocardial compaction during the first weeks of the embryonic 
development. This causes persistence of prominent trabeculae in 
the ventricular cavity. The disease spectrum is very wide: the first 
reported cases were of patients with a marked dilation of the left 
ventricle and high risk of death (37–40), but asymptomatic and 
barely progressive segmental forms have also been reported, in 
which the lack of compaction involves only part of the left ven-
tricle. LVNC is a rare disorder with prevalence <0.1%, although 
it has been increasingly diagnosed over the last few years. Similar 
to many other rare disorders, with increasing knowledge its diag-
nosis has become more common, and among newly identified 
cases, there is an increasing proportion of asymptomatic subjects, 
including athletes, with mild phenotypic expression. Indeed, 
heart hypertrabeculation has been observed in up to 18.3% of 
athletes (41), about 8% of which fulfill the diagnostic criteria of 
LVNC. In our experience, a multiparametric evaluation, based on 
morphological and functional parameters, such as the thickness 
of the residual compact layer and the presence of major conduc-
tion defects and arrhythmias, may help to discriminate between 
true cardiomyopathies and “benign” forms of LVNC (42). In the 
latter group of patients, the risk of sudden death, heart failure, 
and life-threatening arrhythmias is likely low. In any case, close 
follow-up is still recommended.

Genetic testing is not particularly useful for the molecular 
confirmation of LVNC for at least two reasons: the detection 
rate of pathogenic variants is relatively low, about 40%, and 
the genes involved in LVNC are also responsible also for other 
cardiomyopathies, complicating the interpretation of positive test 
results (43). Based on these findings, it has been proposed that 
LVNC may be a phenotypic variant of other cardiomyopathies, 
characterized by impaired general development of the sarcomeric 
proteins: this pathogenic model is supported by the cooccurrence 
in the same family of LVNC and different cardiomyopathies. It is 
conceivable that genetic background and environmental factors 
may play a relevant role in the onset of LVNC (44).

Regarding the relationship with sport activity, the number of 
incidental diagnoses has increased over time, often in asympto-
matic athletes. Of note, hypertrabeculation of the left ventricle 
may physiologically occur in athletes, particularly in elite and 
black sportsmen. Thus, it is crucial to distinguish between the 
true cardiomyopathy and the benign segmental LVNC for the 
assessment of the risk of serious life-threatening events (45).

TiTiN: A TiTAN OR A GiANT  
wiTH CLAY FeeT?

Although if it is only one of the genes involved in cardiomyopa-
thies, the titin gene (TTN) deserves a separate discussion due to 
its peculiarities. TTN is one of the largest genes in our genome 
and encodes for the largest human protein. The titin protein has 
several functions in both cardiac and skeletal muscle. Due to 
the size, prior to the advent of NGS, the mutational analysis of 
TTN was limited to few exons. The exact number of isoforms 
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is unknown, although it has been estimated that at least 
one-third of TTN exons may give raise to alternative splicing 
events (46, 47). TTN has been associated with both dominant 
and recessive disorders and is currently considered one of the 
most commonly altered genes in human disease (48), causing 
at least 10 different conditions, involving skeletal muscle, heart, 
or both. However, accruing data on genomic variations in the 
general population have shown that rare TTN variants overall 
are common, with at least 2–3% of healthy individuals bearing 
monoallelic truncating mutations. Rare and private missense 
variants are extremely common as well (47, 49). We should 
then expect a prevalence of recessive pathogenic variants of 
at least 1/4,000–10,000, much higher than the cumulative 
prevalence of titinopathies. Thus, it seems that at least a part, if 
not the majority, of truncating TTN variants is benign and does 
not cause pathological phenotypes on their own. The lack of 
pathogenicity of TTN alleles potentially causing complete loss 
of function could be explained by alternative splicing events 
rescuing the gene function.

Based on these observations, the pathogenic role of TTN 
variants should be assessed cautiously, especially for the potential 
application to presymptomatic-predictive testing in healthy rela-
tives of patients in whom TTN alterations have been detected. It is 
likely that in the few next years, with accruing genomic data in the 
general population and the spreading of NGS platforms for the 
diagnosis of cardiomyopathies, the pathogenicity of TTN variants 
will be largely elucidated.

DiSCUSSiON

In this review, we have highlighted critical aspects associated 
with the clinical and genetic diagnosis of the IPCDs. The most 
recent findings on the variability of the human genome are 
quickly changing the approach to DNA variant interpretation. 
Indeed, a systematic assessment of variants, including those 
previously interpreted as pathogenic, is ongoing for several genes 
associated with inherited conditions. Overall, the following 
issues are associated with all types of IPCD and complicate their 
diagnosis and management: (1) wide genetic heterogeneity, (2) 
incomplete penetrance, (3) relatively high frequency of double 
heterozygotes, and (4) effect of environmental factors (largely 
unknown as well, besides sport activity). In the light of these 
characteristics, IPCDs could be considered as complex traits 
determined by the predominant effect of single gene variants, 
rather than as monogenic disorders. Considering IPCDs as 
oligogenic multifactorial disorders has three main implications: 
(1) genotype–phenotype correlations are unclear, (2) difficulty in 
establishing prognosis and risks for patients, and consequently, 
(3) genetic testing has a limited predictive power both in affected 
patients and in asymptomatic relatives at risk. Therefore, in 
our opinion, the use of the risk figures estimated according to 
Mendelian inheritance is not fully appropriate for predictive 
purposes. It could be useful to develop a risk assessment model 
similar to those applied for the familial predisposition to breast 
cancer, taking into account the presence of multiple factors (e.g., 
family history, level of exposure to physical activity, presence of 
multiple gene variants) (50). Indeed, with few exceptions (51–53), 

due to poor genotype–phenotype correlations, results of clinical 
investigations provide better prognostic information than those 
of genetic testing.

These problems become even more complicated in athletes, 
who can display some features resembling those of IPCD as a 
consequence of physiological rearrangements of the myocardium 
with training. These subjects, who are mostly young, present some 
additional issues: the ascertainment of a variant known to be the 
cause of an IPCD phenotype may have strong implications for the 
prosecution of their sport career, for reproductive choices, and 
for their families. The offer of a predictive test for relatives should 
be considered with caution, and only when the pathogenicity of 
the variant detected in the proband has been clearly established 
according to consensus criteria (54). The opportunity of testing 
underage relatives of athletes should also be carefully scrutinized, 
especially when presymptomatic diagnosis may be beneficial, 
such as in the case of LQTS, which can manifest as infant sudden 
death.

Variant interpretation is the main issue in molecular diag-
nosis of IPCDs, and it is further exacerbated by the small size 
of many pedigrees. This hampers analysis of variant segregation 
with respect to the phenotype, one of the most useful points of 
evidence for clinical interpretation of genetic variants, as well the 
estimation of penetrance values. Ideally, novel or unclassified 
variants should be validated by functional studies; however, with 
few exceptions, these are not performed in clinical diagnostic 
laboratories and are associated with several issues, such as the 
choice of the cellular model and feasibility, since most sarcomeric 
mRNAs are quite large and not easily manageable. In conclusion, 
unless validated functional tests have been performed, the main 
hints suggesting pathogenicity of a variant are its identification in 
different patients or de novo occurrence.

Another open issue is the significance of double heterozy-
gosity and related counseling. So far, it is common opinion that 
these subjects may in general display a more severe phenotype 
but the cohorts published so far are too small to draw definite 
conclusions.

TTN deserves separate considerations. In particular, given 
the difficulties inherent with TTN molecular testing and 
interpretation, one might wonder whether it is appropriate to 
include this gene in diagnostic panels and in genetic reports 
for patients, or rather, whether it should still be investigated 
in research settings for epidemiological purposes. These might 
shed light on the pathogenicity of TTN truncating and missense 
variants, as well as and on their clinical relevance; indeed, it 
remains to be established if TTN variants act as main pheno-
typic drivers and/or as a risk factor for the appearance of the 
clinical manifestation of some IPCDs, insufficient alone to 
determine a phenotype.

Similar to TTN, also in HCM the large amount of whole 
exome data that are accumulating in the different databases is 
disclosing that presumptive pathogenic variants can be found in 
“controls” at a higher rate than expected for the prevalence of the 
condition (55–57). On the one hand, this excess of pathogenic 
variants could be accounted for by reduced penetrance: carriers 
identified in the general population may or may not develop signs 
of HCM over time, but should be considered as asymptomatic 
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subjects. On the other hand, these findings may indicate that the 
effects of these gene variants are too weak to cause appearance 
of the phenotype on their own. In conclusion, the refinement of 
clinical diagnosis of IPCD, coupled with the new technological 
tools available in molecular genetics, has opened the Pandora box 
of cardiac primitive defects. Now, the pieces of this puzzle need 
to be reconstructed in order to provide patients and athletes with 

more accurate information and best care. But, there is still a long 
way to go.
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Human cardiovascular malformations (CVMs) frequently have a genetic contribution. 
Through the application of novel technologies, such as next-generation sequencing, 
DNA sequence variants associated with CVMs are being identified at a rapid pace. While 
clinicians are now able to offer testing with NGS gene panels or whole exome sequenc-
ing to any patient with a CVM, the interpretation of genetic variation remains problematic. 
Variable phenotypic expression, reduced penetrance, inconsistent phenotyping meth-
ods, and the lack of high-throughput functional testing of variants contribute to these 
challenges. This article elaborates critical issues that impact the decision to broadly 
implement clinical molecular genetic testing in CVMs. Major benefits of testing include 
establishing a genetic diagnosis, facilitating cost-effective screening of family members 
who may have subclinical disease, predicting recurrence risk in offsprings, enabling early 
diagnosis and anticipatory management of CV and non-CV disease phenotypes, pre-
dicting long-term outcomes, and facilitating the development of novel therapies aimed at 
disease improvement or prevention. Limitations include financial cost, psychosocial cost, 
and ambiguity of interpretation of results. Multiplex families and patients with syndromic 
features are two groups where disease causation could potentially be firmly established. 
However, these account for the minority of the overall CVM population, and there is 
increasing recognition that genotypes previously associated with syndromes also exist 
in patients who lack non-CV findings. In all circumstances, ongoing dialog between 
cardiologists and clinical geneticists will be needed to accurately interpret genetic testing 
and improve these patients’ health. This may be most effectively implemented by the 
creation and support of CV genetics services at centers committed to pursuing testing 
for patients.

Keywords: genetics, congenital heart disease, phenotyping, next-generation sequencing, phenomics, genomics, 
mutation

Abbreviations: CMA, chromosomal microarray analysis; CNV, copy number variant; CVM, cardiovascular malformation; 
HPO, Human Phenotype Ontology; IPCCC, International Pediatric and Congenital Cardiac Code; NGS, next-generation 
sequencing; VUS, variant of uncertain significance; WES, whole exome sequencing.
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iNTRODUCTiON

Cardiovascular malformations (CVMs) are the most common 
birth defects with an incidence estimated at approximately 
8/1000 live births (1). Taking into account very high rates of 
CVMs in spontaneous abortuses, common malformations, such 
as BAV [present in 1.3% of the population (2)], and latent cardiac 
diseases, such as aortic dilation, which are not included in the 
birth incidence of CVMs, genetically mediated CVMs are likely 
much more common than previously thought. When consider-
ing the etiology of CVMs, as opposed to the proportion of CVM 
cases that manifest as disease at birth, the incidence increases to 
approximately 5% (1). The common nature of these birth defects, 
combined with their heterogeneous etiologies, makes genetic 
evaluation both important and complex.

The underlying causes of CVMs are varied and can include 
cytogenetic abnormalities, single gene disorders, epigenetic 
alterations, environmental etiologies, or most commonly, 
multifactorial etiologies. Chromosomal abnormalities account 
for 12–14% of all live-born cases and 20–33% of fetal cases 
(1, 3–5). CVMs can occur as isolated findings, as part of a 
well-defined syndrome, or in conjunction with additional ext-
racardiac anomalies not formally recognized as a syndrome (6). 
The American Heart Association has summarized reasons for 
establishing a genetic diagnosis for cardiac conditions (7). The 
benefits of a genetic diagnosis include improved longitudinal and 
acute medical management (8). In addition, a genetic diagnosis 
allows for the provision of anticipatory guidance, risk stratifica-
tion for family members, and recurrence risk information (7). 
Despite an increasing awareness of the genetic basis of CVMs 
and the clinical importance of making an accurate diagnosis, 
there remain many questions about the best approach to clinical 
application of molecular or cytogenetic testing in individuals 
with a CVM.

Recently, we summarized the overall progress in the molecu-
lar genetic analyses of CVMs and current recommendations 
for clinical application of genetic testing (9). In particular, we 
reviewed the utility and limitations of chromosomal microarray 
analysis (CMA) and the emerging clinical roles for whole exome 
sequencing (WES) and other NGS technologies for CVMs. Here, 
we focus on the opportunities and challenges of clinical NGS 
testing and highlight the importance of phenotyping to improve 
clinical genetic testing interpretation and to drive etiology-
centered research. NGS technologies generate abundant amounts 
of precise human genetic data, but imprecise phenotype data 
limit the power to determine genotype–phenotype correlation 
(10). We propose that deep phenotyping of CVMs and existing 
phenomic analysis methods provide major opportunities for 
progress analogous to the recently realized efforts in genomics 
and developmental biology. The integration of genetic findings 
with deep phenotyping will improve our understanding of disease 
etiology and advance medical care.

ePiDeMiOLOGY OF CvMs

Cardiovascular malformations represent the single largest cause 
of infant mortality resulting from birth defects (4). Approximately 

25% of infants with CVMs are thought to have syndromic con-
ditions based on the findings of multiple congenital anomalies 
or neurodevelopmental delays (11). The distinction between 
syndromic and non-syndromic, or isolated, CVMs can be subtle, 
and criteria to differentiate these categories are inconsistent 
between studies. In addition, as genetic diagnostic modalities 
have become more sophisticated, the spectrum of genetic syndro-
mic conditions has expanded, and therefore earlier assessment of 
syndromic cases may represent an underestimate.

The high heritability of CVMs provides evidence for an 
important genetic role in these birth defects. Specific CVMs 
show strong familial clustering in first-degree relatives, ranging 
from 3- to 80-fold compared to the prevalence in the popula-
tion (12). Heritability for some types of CVMs is as high as 
70–90%, indicating the strong genetic contribution (13–15). 
Not all families show evidence of similar types of CVMs, and 
familial clustering of discordant CVMs has also been docu-
mented (16). Because CVMs are so common, the majority of 
cases occur in individuals without a family history of CVMs 
despite a high heritability. The prevalence of familial CVM will 
likely increase as more patients with CVMs survive into adult-
hood. Epidemiologic studies may underestimate the number of 
familial cases due to the high rate of miscarriages of fetuses with 
CVMs and reproductive decisions to limit future pregnancies in 
families with a child with a CVM.

The sibling or offspring recurrence risk across all types of 
CVMs is estimated at 1–4%. This empiric recurrence risk sug-
gests that the majority of CVMs have a multifactorial etiology 
(17, 18). These estimates represent an average of different risks 
across the population and include individuals with higher recur-
rence risks due to Mendelian inheritance as well as individuals 
with lower risks due to a de novo event in the affected individual 
or a teratogenic etiology. Empiric recurrence risks for specific 
types of CVMs, such as left ventricular outflow tract obstructive 
defects, are higher. While the incidence of CVMs appear to be 
similar in most populations, there are some specific types of 
CVM that show important differences (14, 19, 20). In addition, 
there is an increased rate of CVMs in populations with increased 
consanguinity, often attributed to autosomal recessive mutations 
in disease genes (21–25). Family history of CVMs is one of the 
most consistently identified risk factors for identifying a CVM 
prenatally.

THe GeNeTiC BASiS OF CvMs

Cardiovascular malformations can be subdivided into syn-
dromic and non-syndromic cases. Aneuploidies (disorders of 
chromosome number) are frequent causes of syndromic CVMs. 
As genetic testing technologies have evolved, CMA has emerged 
as a test with higher resolution and increased sensitivity over 
routine chromosome analysis (i.e., karyotype) for detecting 
abnormalities. Submicroscopic chromosome deletions and dupli-
cations [also known as copy number variants (CNVs)] underlie 
many genetic syndromes, and the term genomic disorder is 
used to refer to these conditions. Gene dosage is an important 
concept underlying CVMs. For many genes, a missing (deletion) 
or extra (duplication) copy of that gene results in no phenotypic 
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consequences. In contrast, dosage-sensitive genes produce 
abnormal phenotypes in the absence of two functional genes. 
22q11.2 deletion syndrome and Williams–Beuren syndrome are 
two examples of genomic disorders that are commonly associated 
with CVMs related to dosage-sensitive genes (TBX1 and ELN, 
respectively). Variants within TBX1 and ELN are associated with 
CVMs in non-syndromic patients (26, 27). This fact illustrates 
an important principle: understanding the genetic basis for syn-
dromic CVMs can identify genes responsible for non-syndromic 
isolated CVMs.

Because of the increased yield with CMA, it should be the first-
line test for genetic analysis in infants with CVMs except in cases 
that are classic aneuploidies (9). CMA is considered standard 
of care testing for individuals with developmental disability or 
multiple congenital anomalies, and it has been shown to be cost-
effective (28, 29). Importantly, CNVs have emerged as important 
causes of both syndromic and non-syndromic CVMs, occurring 
in approximately 3–25% of syndromic cases and 3–10% of non-
syndromic cases (6, 30).

In addition to aneuploidies, chromosome rearrangements, 
and CNVs as causes of CVMs, mutations at the nucleotide level 
are also important genetic causes. These mutations are often 
inherited in a Mendelian fashion, and autosomal dominant, 
autosomal recessive, and X-linked inheritance patterns have been 
documented for both syndromic and non-syndromic CVMs 
(31–33). For dominantly inherited conditions, such as Noonan 
or Holt–Oram syndromes, individual recurrence risks for off-
spring with the syndrome is 50%. Importantly, not all patients 
with a particular syndrome have associated heart defects, and the 
proportion can vary by syndrome. Furthermore, the presence or 
severity of a CVM in the parent does not predict the severity in 
the child.

The genetic architecture of CVMs suggests that a majority 
of non-syndromic cases result from multifactorial causes and 
behave as a complex trait. Similar to other conditions inherited 
as a complex trait, isolated CVMs may show familial clustering 
with reduced penetrance. Nevertheless, Mendelian inheritance 
does occur, albeit less frequently, and de novo mutations are 
another important cause (34, 35). The distinction between 
monogenic and complex traits can be overly simplistic, as is 
drawing a distinct boundary between syndromic and non-
syndromic causes. Indeed, variants in genes known to cause 
syndromic forms of CVMs are now identified in non-syndromic 
cases. In addition, traits that appear to be monogenic can be 
influenced by variation in multiple genes, termed modifier 
genes. The reverse is also true: complex traits can be predomi-
nantly influenced by variation in a single gene. These findings 
likely explain the decreased penetrance and variable expressivity 
that are so common among both syndromic and non-syndromic 
CVMs. Currently, there remain many unknowns about the 
contribution of common variants, rare variants, CNVs, de 
novo mutations, epigenetics, and environmental exposures to 
the development of CVMs. For these reasons, recurrence risks 
for apparently isolated CVMs can be difficult to assign, and 
even in cases of Mendelian inheritance, decreased penetrance 
and variable expressivity present dilemmas to predicting genetic 
effect on phenotype. There is need for a systematic approach to 

accurate and detailed phenotyping in order to begin character-
izing these complexities. In addition, these factors are important 
considerations when contemplating molecular genetic testing in 
the CVM population.

In an effort to better understand genetic causes of CVMs, 
systems biology approaches have been used to assess functional 
convergence of causative CVM genes, effectively combining 
knowledge of genetics and developmental biology. Interestingly, 
these approaches have suggested that different CVM risk factors 
are more likely to act on distinct components of a common func-
tional network than to directly converge on a single genetic or 
molecular target (36, 37). Developmental pathways acting inde-
pendently or coordinately contribute to heart development and 
have been the subject of recent reviews (38, 39). These pathways 
often exhibit extensive cross talk, and a particular signal can be 
antithetically regulated at different developmental time points. 
Systems biology suggests a highly complex milieu in which 
individual or multiple genetic variants could potentially act to 
disrupt normal heart morphogenesis. The web of interactions 
of signaling and transcriptional networks highlighted by these 
approaches hint at the possibility that some CVMs may result 
from additive effects of multiple low-effect susceptibility alleles. 
The integration of genetic analysis with developmental biology 
knowledge provides a powerful platform for variant interpreta-
tion and candidate gene identification, but expanded databases 
and prediction methods are needed. Improving the assimilation 
of this information with careful cardiac phenotyping from human 
studies represents an opportunity to advance our understanding 
of the etiology of specific CVMs.

SeQUeNCeD-BASeD APPROACHeS 
TO THe GeNeTiCS OF CvMs

The importance of CNV analysis in both syndromic and non-
syndromic CVMs has been documented (6, 9, 40–44). Genetic 
testing in infants with CVMs is frequently underutilized but 
indicated in all infants with complex CVMs, except in cases war-
ranting syndrome-specific testing (9, 45, 46). Decisions about 
additional genetic testing after CMA are less straightforward. The 
increased sophistication of genetic testing technology provides 
the ability to interrogate an ever increasing array of genes to 
identify the molecular basis of disease. Distinguishing testing 
that has clinical utility is necessary, but few evidence-based 
guidelines exist, in part, because of difficulties with phenotyping. 
As a result, clinical experience is the primary criterion utilized 
in deciding on genetic testing, and substantial practice variation 
exists for CVMs.

With the development of NGS, large gene sequencing panels 
have become both technically feasible and cost-effective. As a 
result, NGS panels for CVMs are developing rapidly. For exam-
ple, genetic testing for Noonan syndrome has been available for 
several years, with additional genes being added to NGS panels 
as they are identified. The current yield of testing using NGS 
Noonan syndrome panels in suspected cases is approximately 
70–85%. As another example, testing for heterotaxy syndrome, 
situs inversus, and primary ciliary dyskinesia are combined into 
one NGS panel available from several commercial laboratories.
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Several studies have also documented the utility of NGS panels 
in diagnostic evaluation of CVMs in non-syndromic multiplex 
families. Blue et  al. used a custom NGS panel consisting of 57 
genes known to cause CVMs to sequence 16 probands from mul-
tiplex families (47). After identifying potential disease-causing 
variants with the panel in probands, affected family members 
were tested to confirm segregation with disease. Five variants in 4 
genes, TBX5, TFAB2B, ELN, and NOTCH1, were concluded to be 
likely disease-causing among the 16 families, giving a diagnostic 
yield of 31%. A similar study by Jia et al. utilized a slightly differ-
ent 57 gene panel in 13 multiplex non-syndromic families (48). 
Altogether, 44 rare variants were identified. After bioinformatics 
predictions and testing for segregation in other family members, 
a likely disease-causing variant was established in 6 of 13 families, 
giving a diagnostic yield of 46%. The causative genes identified 
in this study (NOTCH1, TBX5, and MYH6) partially overlapped 
those of Blue et  al. Finally, in a recent study using a panel of 
97 genes in 78 unrelated probands with bicuspic aortic valve, 
33 potential disease-causing rare variants were identified (49). 
However, these variants were identified in only 16 of the subjects, 
indicating that many carried more than one potential disease-
causing variant. Because all but two variants were inherited from 
an unaffected family member, the clinical interpretation of the 
pathogenicity is difficult. Together, these cases highlight benefits 
and limitations of NGS panels in non-syndromic patients. First, 
a substantial number of rare variants will be identified even with 
relatively small panels. Second, diagnostic yield is high in multi-
plex families, especially when family members are available for 
follow-up testing of variant segregation with disease. However, 
in isolated cases, our current approaches for variant classification 
and functional prediction make clinical interpretation difficult. 
Third, careful phenotyping is critical, and distinction of syn-
dromic versus non-syndromic isolated disease is often difficult 
even in multiplex families. For example, mutations in TBX5 
causes Holt–Oram syndrome, which is characterized by upper 
limb defects that are highly variable but thought to be completely 
penetrant with careful examination. In the study by Blue et  al. 
(47), the authors note that subtle hand anomalies may have been 
missed because radiologic examination was not performed in 
either family. Finally, while segregation with disease provides 
strong evidence for pathogenicity of variants, the reduced pen-
etrance of many CVMs suggests that a variant inherited from an 
unaffected parent does not necessarily rule out disease causation 
or susceptibility.

Large gene panels have the advantage of increasing the sensitiv-
ity of the test, but they also increase the likelihood of identifying 
variants of uncertain significance (VUS). These increase in direct 
proportion to the number of genes tested, increasing the com-
plexity of the interpretation and genetic counseling. Importantly, 
the strength of evidence for disease causality for genes on current 
panels differs. Some well-established disease-causing genes have 
a wealth of information about variants, but genes more recently 
implicated in disease may have much less information available. 
The latter situation increases the likelihood of finding a VUS. In 
all cases, it is important for patients to understand that a negative 
genetic test result does not rule out a genetic cause. The compo-
sition of gene panels varies by testing lab. It is critical that the 

ordering physician understands these factors to order the most 
appropriate test.

Whole exome sequencing interrogates the coding regions of 
every gene using an NGS approach. First offered as a clinical 
genetic test in 2011, the clinical scenarios in which WES is uti-
lized continue to expand. For less than twice the cost of most large 
targeted gene panels, WES provides sequence data for all known 
genes, making it comparatively cost-effective. It can be superior to 
targeted panels for rare syndromes with CVMs in which a genetic 
cause is suspected but the differential diagnosis is challenging. 
WES has also been shown to be effective in multiplex families 
with CVMs. Large, multiplex families with concordant CVMs are 
good candidates for identifying monogenic disease variants. In 
addition, recently, a large multiplex family with discordant CVMs 
across four generations was studied by WES followed by targeted 
sequencing of candidates (50). A missense variant in MYH6 was 
identified in 10 of 11 affected family members and absent in 10 
unaffected family members. An additional four unaffected family 
members also carried the variant. This study not only illustrates 
the utility of WES for large families but also highlights the com-
plexity of analysis and the challenges that variable expressivity 
and non-penetrance pose for conclusive interpretation of causal-
ity when variants are identified.

Interpretation of causality of a rare variant in a candidate gene 
is theoretically simplified when the variant occurs de novo in the 
proband. In these cases, the variant is frequently interpreted as 
likely disease-causing. Therefore, in clinical WES, parental samples 
are typically requested, if available, in order to aid interpretation. 
The multisite research study by the Pediatric Cardiac Genomics 
Consortium provides insight into the frequency of de novo vari-
ants that are likely disease-causing in a large CVMs cohort (34). 
Using a trio design to study 362 non-syndromic probands with 
CVMs, including conotruncal defects, left ventricular outflow 
defects, and heterotaxy, 249 protein-altering de novo variants 
were identified. Compared with control trios, CVM probands had 
more de novo variants in genes highly expressed during cardiac 
development and more de novo variants with likely damaging 
effects. The variants were enriched for methylation pathways 
and were thought to explain approximately 10% of CVMs in the 
cohort. In a follow-up study of this cohort in which 1213 trios 
were studied, more de novo variants were identified in cases as 
compared to controls (35). Interestingly, many of these variants 
were identified in genes known to be important for heart develop-
ment, and approximately one-third were in genes known to cause 
syndromic CVMs. Furthermore, there was a striking overlap of 
variants in genes previously associated with neurodevelopmental 
delay. These findings may have important clinical impact not only 
for guiding genetic testing but also for identifying individuals 
with CVMs who are at increased risk for neurodevelopmental 
disability and for implementing early intervention.

Limitations to WES in clinical practice include the high likeli-
hood of identifying VUSs, the decreased depth of sequencing 
as compared to targeted panels, and the increased likelihood 
of identifying a mutation for a disease unrelated to the clinical 
presentation or reason for performing the genetic testing. The 
latter situation mandates pretest genetic counseling to discuss 
the possibility of secondary or incidental findings. At this time, 
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WES may be the test of choice for syndromic CVMs in which 
the syndrome is not recognized. It should be considered for 
both syndromic and apparently non-syndromic CVMs that are 
inherited in a Mendelian fashion, particularly if the differential is 
broad or would require multiple targeted panels to test. WES in 
cases of isolated, non-syndromic CVMs is more controversial due 
to interpretation ambiguity and financial cost of testing. However, 
recent data indicate that the incidence of disease-causing de novo 
mutations is high and should prompt consideration of WES 
especially when parents are available for testing (34, 35).

THe iMPORTANCe OF PHeNOTYPiNG

As high-throughput technologies, such as NGS, have developed 
and spread, the volume of genetic data available in clinical and 
research databases has amassed very quickly. These molecular 
data are mostly considered to be highly accurate. Accordingly, it 
is critical that equally accurate phenotype information be used 
for interpretation of genetic variants. However, the progress in 
molecular and bioinformatics techniques has vastly outpaced 
methods to collect and organize detailed and accurate pheno-
type data across the spectrum of human health and disease (51). 
Unfortunately, phenotype information associated with genetic 
diagnoses has not historically been collected and/or reported 
in a consistent manner. Thus, there is now a pressing need to 
improve phenotyping practices. The field of phenomics has 
emerged to address this need, consisting of (1) detailed and 
accurate phenotype data collection, termed deep phenotyping 
and (2) computational phenomic analysis (10, 52, 53). With 
the proper motivation and resources, there is a tortuous but 
passable route to implement a deep phenotyping approach for 
clinical testing and etiologic research of CVMs. The following 
sections describe the current status of phenotype data collection 
and analysis across the spectrum of human disease, review the 
current phenotype classification systems commonly used in 
the clinical care and research of CVMs, highlight the current 
phenotyping challenges in clinical CVM genetic testing, and 
emphasize the critical need to harmonize existing phenotype 
data to advance the field.

DATABASe APPROACHeS TO DeeP 
PHeNOTYPiNG

Deep phenotyping has been defined as “the precise and compre-
hensive analysis of phenotypic abnormalities in which the indi-
vidual components of the phenotype are observed and described” 
(10). Because there are virtually unlimited ways to describe the 
phenotype of a patient in the clinical setting, there needs to be 
a constrained language or set of phenotype definitions to apply 
systematically in order to analyze differences and similarities 
between patients. An example of this problem of phenotype 
unboundedness exists in the Online Mendelian Inheritance 
in Man database (http://omim.org/), where manually curated 
phenotype data are highly detailed but unconstrained (54). An 
ontology is one approach used to organize phenotype data into a 
structure that is robust for computational analysis. An ontology 
consists of a set of definitions (or terms) that are assembled as 

a directed acyclic graph. A number of biomedical ontologies 
have been developed, including the Gene Ontology, Disease 
Ontology, Mammalian Phenotype Ontology, and the Human 
Phenotype Ontology (HPO) (55–58). The HPO is a manually 
curated ontology that was first developed in 2007 and has since 
grown to include more than 10,000 terms (each term represents 
a phenotype definition) (58). The HPO is hierarchically ordered 
so that the terms at the highest level of the graph consist of the 
broadest phenotypes. Each term is subdivided into more specific 
subclass phenotypes until reaching the lowest tier consisting 
of the most detailed and specific phenotypes. In the HPO, a 
phenotype term “points” (as a unidirectional edge) to each of its 
phenotype superclass terms.

In recent years, the HPO has become a heavily used system 
for phenotyping in the field of human genetics. For instance, the 
International Standards for Cytogenomic Arrays Consortium 
was among the first large-scale genotype–phenotype initiatives 
to adopt the HPO system and demonstrate effectiveness (59). 
This consortium subsequently became the basis for the Clinical 
Genome Resource (ClinGen), sponsored by the National 
Institutes of Health. ClinGen aims to facilitate and establish 
standards for large collaborative efforts to make genotype–phe-
notype discoveries and implement these discoveries clinically 
(60). ClinGen utilizes a public database, ClinVar, as the primary 
repository of variant and phenotype data. The data are compiled 
from diverse sources, including domain-specific databases, 
clinical and research molecular laboratories, clinical provid-
ers, and others (61). Similar to the International Standards for 
Cytogenomic Arrays Consortium, ClinVar utilizes the HPO to 
define phenotypes and structure data. A number of other data-
bases containing genotype–phenotype data, such as DECIPHER 
and PhenomeCentral, also utilize the HPO (62, 63).

Whereas the usage of the HPO has increased among genetics 
providers and investigators, there are many alternative phenotype 
classification systems in practice. Most of these systems, such as 
the 10th revision of the International Statistical Classification 
of Diseases and Related Health Problems (ICD-10), are not 
designed for the purpose of genetic discovery. Thus, in order to 
explore genotype–phenotype relationships leveraging separate 
data sets that potentially contain valuable phenotype informa-
tion, it is necessary to cross-link systems by mapping phenotypes. 
These mappings have been created for a number of data sets, but 
harmonizing databases with different language definitions and 
structures presents significant challenges and limitations (54). 
At the very least, the HPO illustrates the motivation and value 
of establishing a standardized language for deep phenotyping. 
Importantly, there are user-friendly software applications, such 
as Phenotips, that enable HPO format data entry (64). Thus, the 
HPO represents a promising system for phenotyping CVMs in 
clinical and research settings that would align with many major 
genotype–phenotype efforts across human disease.

CvM NOMeNCLATURe AND 
CLASSiFiCATiON MeTHODS

Abbott published the first classification method of CVM 
phenotypes in the Atlas of Congenital Cardiac Disease in 1936 
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(65). Since then, the precision and accuracy of diagnostic 
modalities, such as echocardiography and cardiac magnetic 
resonance imaging, as well as understanding of the morphologi-
cal and molecular aspects of CV development, have advanced 
significantly. This has naturally led to the adoption of newer 
CVM phenotype nomenclatures and classification systems over 
time. In addition, different practical needs, such as health-care 
billing, clinical outcomes research, and epidemiology, have given 
rise to a heterogeneous set of CVM classification systems. One 
example is the International Pediatric and Congenital Cardiac 
Code (IPCCC), which was created in 2005 by the International 
Nomenclature Committee for Pediatric and Congenital Heart 
Disease. This group includes experts in the fields of pediatric 
cardiology and cardiothoracic surgery (66). A stated goal of 
the IPCCC is to facilitate clinical outcomes research across 
medical centers. Another important CVM phenotyping sys-
tem, The Fyler Classification System, was created at Boston 
Children’s Hospital to facilitate local outcomes research and 
enhance inter-provider clinical communication (67). Since its 
creation roughly five decades ago, the “Fyler codes” have been 
expanded and are mapped to the IPCCC. Another frequently 
used classification system for outcomes research is implemented 
in the Society of Thoracic Surgeons’ National Congenital Heart 
Surgery Database (68). Finally, the Botto classification system 
was developed and tested using data from the National Birth 
Defects Prevention Study with the principal aim to investigate 
the etiology of CVMs using epidemiological data (69). Unique 
among other classification systems, the Botto system emphasized 
morphological and developmental concepts by grouping indi-
vidual CVMs into three hierarchical levels. With the recognition 
that different hypotheses and statistical approaches may require 
minimum group sizes to achieve adequate power, groupings 
were also partly based on the known frequency and distribu-
tion of individual CVM phenotypes (70). Taken together, there 
is a long precedent for organizing CVM phenotypes but lack 
of a consensus nomenclature system. Clinically, this lack of 
consensus creates barriers in communication with non-cardiac 
specialists and hinders the attempt to establish genotype–phe-
notype correlations. In research studies, this lack of consensus 
creates difficulties comparing results between studies utilizing 
different classification schemes.

OBSTACLeS TO DeeP PHeNOTYPiNG 
iN CvMs

The lack of a consensus nomenclature system for classifying 
CVMs can lead to significant confusion and obstacles to the 
goal of identifying genotype–phenotype relationships. Not 
only is there a lack of consensus on methods to group CVMs 
but also many CVMs have synonymous definitions that vary 
in use across, and in some cases within, clinical programs. For 
instance, there are at least six synonyms for the diagnosis of 
perimembranous ventricular septal defect, including infracris-
tal, conoventricular, membranous, paramembranous, and type 1 
(71, 72). Furthermore, not all CVMs encountered in patients will 
fit cleanly into commonly used CVM definitions. For example, 

a ventricular septal defect is typically defined by the anatomic 
location of the defect within the ventricular septum, but a defect 
extending across these anatomic boundaries is not uncommon 
(e.g., a perimembranous ventricular septal defect that extends 
into the muscular or inlet portions of the septum). These 
variations may be developmentally significant. Furthermore, a 
number of CVMs have morphological subtypes that are classi-
fied much differently between systems, such as the Collett and 
Edwards versus Van Praagh systems, to define subtypes of persis-
tent truncus arteriosus (73, 74). Distinguishing CVM subtypes 
may improve detection of single gene defects with NGS panels 
or WES. Taken together, the heterogeneity in routine clinical 
definition of CVMs is a major impetus for genotype–phenotype 
databases to utilize a controlled vocabulary structured to man-
age these intricacies.

There are additional obstacles to consider when organizing 
data or reports from different clinical programs. For instance, the 
standard operating procedures in pediatric cardiology imaging 
laboratories are not uniform across programs despite established 
recommendations (75). The level of detail provided in clinical 
reports, such as echocardiography findings, can be variable, and 
nomenclatures are variable between report-generating software 
(66). Many aspects of cardiac imaging interpretation depend 
upon qualitative judgment and experience of the reader, and 
diagnoses may change or resolve as the patient ages or follow-up 
studies are performed. Even in circumstances where quantifica-
tion is feasible, technically standardized, and clinically useful, 
such as measuring anatomic dimensions, there may be a lack 
of consensus normative reference databases of healthy children 
(76). For example, there at least five published normal data sets 
for calculating z-scores of aortic diameters in children (77). Our 
experience is that calculated z-scores range widely depending on 
the normal data set selected.

With the goal of deep phenotyping in mind, a complete 
study that includes documentation of negative findings is key 
to fully defining the patient’s phenotype. However, this may 
require multiple studies or even different imaging modalities. 
For instance, in some cases, it can be difficult to absolutely rule 
in or rule out the presence of extracardiac vascular anomalies, 
such as abnormal aortic arch sidedness or persistent left superior 
vena cava with transthoracic echocardiography. Subtle anomalies 
of coronary artery branching are very difficult to characterize 
with echocardiography and may not be rigorously interrogated 
if considered clinically insignificant. Whether these types of 
subclinical data would advance the understanding of genetics and 
developmental mechanisms is not known but is quite possible. 
Additionally, the patient’s age at the time of study may impact 
not only the technical quality but also the actual diagnoses. 
Cardiovascular hemodynamics begin to change from the time 
of birth, cardiac morphology may change as the child grows, and 
a complete diagnosis may not be reached until normal physi-
ological events, such as closure of the ductus arteriosus. In spite 
of all of these potential confounders and challenges, the fact that 
the clinical care of patients is absolutely dependent on accurately 
characterizing the patient’s phenotype promises to facilitate the 
implementation of deep phenotyping of CVMs.
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MAXiMiZiNG THe OPPORTUNiTieS FOR 
GeNOTYPe–PHeNOTYPe CORReLATiONS

In the field of genetics, there has been important progress in 
the analysis of phenotype data using computational techniques, 
sometimes referred to as phenomic analysis. Most phenomic 
analysis to date has consisted of algorithms used to prioritize 
lists of candidate disease-causing genes based on phenotype 
data. Gene prioritization algorithms are useful for interpreting 
variants identified with NGS techniques, such as clinical WES. 
The premise for these phenotype-based algorithms is to utilize 
“semantic similarity,” or the mathematical similarity between a 
given individual’s phenotype and the phenotypes of reference 
disease populations, such as those with established genetic dis-
orders. This similarity measure can then be used as the score for 
prioritizing which variants are most likely to contribute to the 
individual’s phenotype. Some prediction techniques exclusively 
utilize phenotype similarity algorithms (78, 79). Alternatively, 
phenotype-based scores are one component of multidimensional 
variant prioritization applications that combine algorithms 
using multiple features, such as the predicted effect of a variant 
on protein function (80). Variant prioritization applications 
that incorporate human phenotype data in this manner include 
Phevor, Phen-Gen, and Exomiser (81–83). There is evidence that 
incorporation of structured human phenotype data does improve 
performance (80). Importantly, computational algorithms based 
on semantic similarity to compare phenotypes across species have 
also been implemented in applications, such as Exomiser. There 
is ongoing work to advance phenotype-based computational 
methods. The accuracy of these methods is likely to improve as 
more deep phenotyping data are generated and shared.

With the goal of discovering genotype–phenotype relation-
ships for CVMs, the National Heart, Lung, and Blood Institute’s 
Bench to Bassinet program has generated an unprecedented 
volume of exome data for patients with CVMs, which have led to 
major advances toward defining the genetic basis of CVMs (34, 
35, 84, 85). This study used a phenotype nomenclature system 
based on the IPCCC (85). Meanwhile, a large-scale forward 
genetic screening approach using chemical mutagenesis in mice 
recently led to novel insights to the mechanisms driving abnormal 
cardiovascular development (86). Critically, this study undertook 
a detailed phenotyping approach using fetal echocardiography, 
postmortem 3D imaging, and histopathological evaluation of 
unprecedented scale. To illustrate the study’s scope, over 80,000 
mouse fetuses were scanned with fetal echocardiography, and 
over 200 mutant lines with CVMs were identified. The CVMs 
were classified according to the Mammalian Phenotype Ontology 
system but were also mapped to human phenotypes using the 
Fyler codes. The genetic and phenotype data generated from these 
two large-scale studies present seemingly unbounded opportuni-
ties for computational analyses. These include the opportunity to 
integrate cross-species phenotype data, which will have a key role 
in advancing understanding of disease pathogenesis (87). These 
data sets potentially represent the foundation onto which clinical 
genetic testing data and data from other research enterprises can 
be added using a uniform phenotyping language. There is the 
opportunity for the field of CV genetics to harmonize phenotype 

data with emerging standards used by large genotype–phenotype 
data sets within the broader field of genomics by mapping to 
the HPO. Given strong evidence that the genetic basis of non-
syndromic CVMs overlaps with neurodevelopmental and other 
non-cardiac anomalies (35), the integration with other domain-
specific genotype–phenotype data sets are likely to produce 
significant results.

At present, there are clear challenges to implementing the 
practices of phenomics into routine clinical interpretation of vari-
ants and genotype–phenotype research. Some of these challenges 
are ubiquitous, but others are unique to CVM phenotyping. Most 
are practical challenges that can be overcome through the efforts 
of highly motivated clinical and research programs. There is a 
clear need to adopt a standardized domain-specific CVM nomen-
clature where individual phenotypes are defined for every patient. 
Until a uniform nomenclature is adopted, phenotypes will have to 
be mapped between databases, which pose the risk for error and 
misclassification (88). On a clinical basis, the established variant 
databases, such as ClinVar, represent a great opportunity to begin 
to systematically adopt the reporting of deep phenotyping data. Of 
equal importance, molecular laboratories should start to require 
that detailed CVM phenotype data accompany genetic testing 
requests, which will help force improved clinical practices. These 
processes will be facilitated if caregivers treating patients with 
CVMs standardize clinical reporting practices in a manner that is 
both clinically practical and robust for data analysis. Harmonizing 
phenotype data across species will facilitate new discoveries. The 
development of high-throughput, quantitative methods for CVM 
phenotyping, such as automated digital analysis of imaging data, 
akin to facial image analysis, may speed discovery by breaking 
the bottleneck created by the highly specialized, labor-intensive 
nature of clinical CVM phenotyping (52, 89). While the resources 
required to advance CVM phenotyping are significant, these will 
be well worth the added investment to maximize the utility of 
currently funded genotyping projects. Of equal importance, the 
clinical interpretation of genetic testing will be improved with 
deep CVM phenotyping.

iNTeRPReTATiON OF GeNeTiC TeSTiNG

The tremendous effort in genomic and phenomic research has 
a direct effect on clinical testing. Clinical genetic testing moves 
rapidly to incorporate the most recent research results that have 
clinical utility and aid patient diagnosis or management. However, 
because this is an area of rapid accumulation of new data, clinical 
genetic testing results are not always straightforward since they 
represent a probability of causing or contributing to disease (90). 
There are two stages of interpretation of clinical genetic testing 
results. The clinical laboratory performs the first stage. Variants 
are classified, compared with ethnic and race-specific information 
in databases, analyzed using bioinformatic prediction programs, 
and classified into one of five categories: (1) benign, (2) likely 
benign, (3) VUS, (4) likely pathogenic, or (5) pathogenic (91). 
New guidelines have standardized and increased the stringency 
of interpretation, with more clear criteria for strength of evidence 
required for interpretation (91). Nevertheless, the interpretations 
provided for a given variant may differ between clinical genetic 
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FiGURe 1 | Schematic outlining the clinical implementation of CvM genetic testing. (A) Deep phenotyping data include complete CVM diagnoses, 
congenital non-CV malformations, dysmorphic exam findings, neurodevelopmental abnormalities, and other pertinent medical history. Specification of relevant 
negative findings, including radiographic studies (e.g., head/renal ultrasound), neurodevelopmental evaluation, and specific cardiac evaluations, is important for 
robust datasets. Age that diagnoses were established or ruled out should be included. Phenotype data should be collected in a structured format (e.g., HPO). (B) 
Family history data are input as a three-generation pedigree, including documentation of relatives with negative cardiac screening. (C) Prior genetic testing results 
data include dates and testing laboratory. (D) Genetic testing decisions are patient, family, and disease differential specific. Current clinically available testing options 
include single gene (e.g., sequencing or deletion/duplication testing), multiple gene (e.g., NGS panels), or genome-wide (e.g., chromosomal analysis, CMA, or whole 
exome sequencing) testing. (e) Laboratory interpretation of genetic testing is based upon ACMG guidelines. High-quality patient data should be provided with the 
orders for genetic testing. (F) Clinical interpretation of genetic testing combines multidisciplinary CV genetics knowledge/expertise with the laboratory interpretation. 
(G) Direct clinical use includes providing results and counseling to family, reporting to health-care providers, recommending treatment, making appropriate 
subspecialty referrals, making appropriate plan for longitudinal monitoring, and instituting cascade genetic testing and/or family-based cardiac imaging as indicated. 
(H) Local database compiles high-quality phenotype and genotype data for multiple uses, including longitudinal follow up (e.g., completion of cardiac screening in 
family members or reassessment of variant interpretation), documentation of clinical practices and outcomes, and periodic data harvests for dissemination to public 
databases and peer-reviewed publication.
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testing laboratories. In addition, updates and revisions of the 
laboratory interpretation may occur as more information is 
obtained from larger cohorts. For this reason, families should also 
maintain a relationship with the CV genetics providers, as VUSs 
often get reclassified over time. A second stage is the interpreta-
tion provided by the clinician. Molecular testing results should 
be one piece of evidence in a diagnostic evaluation. These results 
need to be interpreted in the context of the patient’s medical his-
tory, physical exam findings, disease course, and family history 
to arrive at a diagnosis. Family history information and the seg-
regation of a potential disease-causing variant within the family 
may be important information to guide the clinical interpretation 
of the genetic testing results, especially in cases where novel 
genetic variants are identified. For CVMs, in which Mendelian 
inheritance may not be seen or decreased penetrance may make 
segregation with disease difficult to establish, there are increased 
challenges to the interpretation of genetic testing results.

A CVM genetic testing workflow begins with the ascertain-
ment of high-quality deep phenotype data (Figure 1). The genetic 
testing laboratory can improve their interpretation of genetic 
data when provided with clear phenotype information. The 
diagnostic interpretation of the clinical care team, longitudinal 

follow-up and outcome, and family-based clinical information 
and genetic testing results are all used by the testing laboratory 
to refine interpretation. Communicating the patient’s phenotype 
to the testing laboratory or clinical databases, such as ClinVar, 
is a critical step that is highly susceptible to errors, such as 
misclassifications or omissions. How can the genetics provider 
who orders genetic testing communicate the CVM phenotype 
accurately? The accuracy and completeness of the diagnosis may 
depend on the sources of the information, which include clinical 
notes, imaging study reports, procedure notes, or administrative 
diagnostic codes. The optimal source of this information likely 
depends on factors specific to patient and medical system. In 
order to minimize the errors, ideally the genetics provider must 
have access to all pertinent information (e.g., echocardiography 
reports, operative reports, cardiac catheterization reports), have 
sufficient background understanding and experience in CVM 
diagnoses to accurately define the patient’s CVM phenotype, 
and have a cardiologist readily available when clarifications are 
needed. While this process may be effectively conducted by 
a team of investigators devoted to a specific research project, 
undoubtedly in most pediatric cardiology centers, there are 
immense practical challenges to clinically implementing the above 
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scenario for every patient undergoing genetic testing. However, a 
multidisciplinary CV genetics program consisting of geneticists, 
cardiologists, genetic counselors, and molecular biologists, which 
fosters cross-disciplinary education and communication, is actu-
ally well suited to meet these needs. These collaborative groups 
of professionals improve the accuracy of the probabilistic genetic 
testing information and provide more expertise to the diagnosis 
and management of the patient.

There remain great opportunities for improving our ability to 
interpret the results of genetic variation and predicting impact. 
These are important priorities in all clinical fields that incorporate 
genetic testing into the diagnosis and management of patients. In 
the future, identification of genetic modifiers that contribute to 
phenotypic presentation and explain a portion of the variability 
and reduced penetrance in these disorders is necessary. This focus 
will need to include an improvement in our understanding of the 
impact of rare genetic variation in the population as well as the 
functional significance of common polymorphisms.

SUMMARY

In conclusion, there is strong evidence to support CMA testing as 
a first-line genetic test for infants with clinically significant CVMs. 
Molecular genetic testing with NGS panels is useful for the evalu-
ation of CVM patients in whom a specific genetic syndrome is 
suspected. In cases where genetic conditions are highly suspected 
but a specific syndrome is not recognized, WES may be indicated. 
NGS panels or WES may be diagnostic in multiplex families 
with CVMs. Data supporting the potential utility of expanded 
NGS CVM-gene panels or WES in isolated non-syndromic 
CVM patients are accumulating, but clinical sensitivity is cur-
rently unknown and conclusive variant interpretation remains 

problematic. Systems biology provides evidence that many CVM 
genes functionally converge on signaling and transcriptional 
pathways. Given these considerations, WES or whole genome 
sequencing will likely ultimately replace NGS panels. However, 
broader testing will result in ambiguous variant interpretation 
in CVM patients due in part to variable and expression and 
reduced penetrance. Incomplete phenotype information and lack 
of standardized methods for phenotyping also remain significant 
obstacles. Collaboration between genetics and cardiac care pro-
viders and molecular testing laboratories is needed to optimize 
variant interpretation. There are currently major opportunities to 
integrate and analyze molecular and phenotype data from human 
and animal research projects to advance our understanding of the 
cause of CVMs.
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Advances in DNA sequencing have made large, diagnostic gene panels affordable 
and efficient. Broad adoption of such panels has begun to deliver on the promises of 
personalized medicine, but has also brought new challenges such as the presence of 
unexpected results, or results of uncertain clinical significance. Genetic analysis of inher-
ited cardiac conditions is particularly challenging due to the extensive genetic hetero-
geneity underlying cardiac phenotypes, and the overlapping, variable, and incompletely 
penetrant nature of their clinical presentations. The design of effective diagnostic tests 
and the effective use of the results depend on a clear understanding of the relationship 
between each gene and each considered condition. To address these issues, we devel-
oped simple, systematic approaches to three fundamental challenges: (1) evaluating the 
strength of the evidence suggesting that a particular condition is caused by pathogenic 
variants in a particular gene, (2) evaluating whether unusual genotype/phenotype obser-
vations represent a plausible expansion of clinical phenotype associated with a gene, 
and (3) establishing a molecular diagnostic strategy to capture overlapping clinical pre-
sentations. These approaches focus on the systematic evaluation of the pathogenicity 
of variants identified in clinically affected individuals, and the natural history of disease 
in those individuals. Here, we applied these approaches to the evaluation of more than 
100 genes reported to be associated with inherited cardiomyopathies and arrhythmias 
including hypertrophic cardiomyopathy, dilated cardiomyopathy, arrhythmogenic right 
ventricular dysplasia or cardiomyopathy, long QT syndrome, short QT syndrome, 
Brugada, and catecholaminergic polymorphic ventricular tachycardia, and to a set of 
related syndromes such as Noonan Syndrome and Fabry disease. These approaches 
provide a framework for delivering meaningful and accurate genetic test results to indi-
viduals with hereditary cardiac conditions.
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inTrODUcTiOn

The dramatic reduction in the cost of DNA sequencing, combined 
with advances in the understanding of the genetic and phenotypic 
heterogeneity of cardiac conditions, has led to the adoption of 
large panels of genes as a cost-effective clinical tool to establish 
a molecular diagnosis in affected individuals. But, although the 
economics and the potential yield of such tests have improved, 
the fundamental principles of diagnostic testing – analytic valid-
ity, clinical validity, and clinical utility – have not.

Genetic diagnosis of inherited cardiac conditions is especially 
challenging due to the extensive genetic heterogeneity and the 
overlapping, variable, and incompletely penetrant nature of the 
clinical presentations. The design of effective diagnostic tests 
and the effective use of the results of such tests depend on a clear 
understanding of the relationship between each gene and each 
considered condition, and a clear understanding of the extent of 
the overlap in clinical presentation.

As part of an effort to develop a scalable framework for devel-
oping, launching, and supporting diagnostic genetic tests across a 
broad range of clinical areas, we set out to create general methods 
for establishing the clinical validity of a gene, and for designing 
focused and clinically useful panel tests.

Establishing the clinical validity of a multi-gene panel depends 
on an accurate and detailed understanding of the clinical valid-
ity of each included gene. While clinical laboratories have been 
implicitly making assessments regarding clinical validity for years, 
there has been a lack of clarity about evidentiary requirements for 
establishing clinical validity and, especially for rare, multigenic 
conditions, accessible data and methods to be applied in reaching 
this conclusion.

Within clinical genetic diagnostics, clinical validity “measures 
the accuracy with which a test identifies a person with the clinical 
condition in question” (1–3) and depends on such quantitative 
measures as sensitivity, specificity, positive predictive value and 
negative predictive value. While there are disagreements about 
quantitative thresholds for these measures, this is clear: a test that 
cannot return a positive result has no sensitivity and no posi-
tive predictive value, and cannot be considered clinically valid. 
Conceptually, clinical validity can be understood as a proven, 
causal connection between a gene and a human disease.

For diagnostic testing, the question of clinical validity should 
be thought of as only the first requirement. Once answered posi-
tively, it opens onto a series of more detailed considerations that 
also need evaluation. If it has been proven that the gene causes 
human disease (i.e., if clinical validity has been established) then 
one can reasonably ask: which disease(s)? How certain are we that 
we understand the boundaries of the phenotypic heterogeneity 
that can derive from this gene? What is the yield in different 
populations? Which specific variants are causal? How certain are 
we that we completely understand the molecular mechanisms? 
If, however, it has not yet been proven that a gene causes disease, 
then questions of expressivity and mechanism of disease are 
clouded by this more fundamental uncertainty.

This paper aims to (1) propose a method for establishing clini-
cal validity of a gene, (2) propose a method for grouping genes 
together into meaningful panel tests, and (3) apply those methods 

to evaluate a set of cardiac genes and conditions. We also describe 
the kinds of specific results that may be expected from clinical 
testing of different classes of genes, and the appropriate use of 
those results in clinical care.

MaTerials anD MeThODs

When we first began curating gene–condition relationships, we 
established a working group to develop a framework for evalu-
ating and documenting relevant evidence and our conclusions 
about that evidence. The working group consisted of lab directors, 
genetic counselors, and scientists with experience from a diversity 
of diagnostic and research labs. We first discussed and compared 
methods used in those environments, and quickly came to the 
conclusion that, while different approaches generally considered 
the same types of evidence (linkage studies, animal, cellular, and 
molecular models, observations of variants in affected individuals 
and pedigrees), there was little consensus about how to rigorously 
and reproducibly synthesize that evidence. In fact, in many cases 
that synthesis was not supported by an established method, but 
rather left to the professional judgment of a single individual.

As a starting point, the working group established a simple 
point-based framework that focused on a comprehensive cata-
loging of the relevant experimental and observational evidence, 
judging the strength of that evidence, and requiring that multiple 
pieces of evidence were present. We then applied that preliminary 
framework to the curation of a set of genes putatively involved 
in an array of hereditary cancers. While the framework was 
generally effective, we found that progress was slow, that much 
of the research we were doing had little long-term utility in the 
context of a diagnostic lab, and that there were regularly cases 
that led to a kind of logical conflict: genes supported by extensive 
and generally convincing research, where we were still unable to 
deliver positive results without additional clinical observations or 
experimental data.

We therefore re-convened the working group to reconsider 
the framework, with the following goals: (1) clearly define the 
purpose of the curation research effort, (2) identify the specific 
information that directly supported those aims, and (3) develop 
a reproducible and auditable approach to meet those aims. The 
group identified and discussed particular cases that led to disagree-
ments or inconsistency when using the previous approach, and 
worked through a series of thought experiments to elucidate edge 
cases. Through this process, the logical necessity of harmonizing 
variant evaluation and gene clinical validity evaluation emerged. 
As described below, the method that was developed simply defers 
the general question of the clinical validity of a gene to the specific 
question of the pathogenicity of clinically observed variants.

With this framework in place, we then applied the method 
to the set of genes suggested to cause hereditary cardiac con-
ditions. For each considered gene, we used the Human Gene 
Mutation Database (HGMD) to provide a list of published, 
clinically observed variants. The presence of a variant in the 
HGMD database does not necessarily indicate pathogenicity, and 
variants were independently researched and interpreted using an 
implementation of the ACMG variant interpretation guidelines. 
In the case where none of the variants listed in HGMD were 
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determined to be convincingly pathogenic, a literature search 
for more recent case reports of other clinically observed variants 
was performed.

resUlTs

establishing the clinical Validity  
of gene–condition relationships
Method for Establishing the Clinical Validity of a 
Particular Gene
The approach described here addresses the question of distin-
guishing between genes that have been proven to cause human 
disease and genes that currently only have preliminary evidence 
suggesting an association. It depends on a simple insight: an 
accurate methodology for evaluating variant pathogenicity must 
provide results that are consistent with an accurate methodology 
for evaluating the clinical validity of the gene. If the methodolo-
gies provide inconsistent results, one of the methodologies must 
be delivering an incorrect conclusion. This dependency suggests 
that the approaches can and should be harmonized.

This dependency can be demonstrated with a logical argument:

• Clinical validity of a gene is established when we know that the 
gene causes human disease.

• A gene causes human disease because at least one variant in 
the gene causes human disease.

• Therefore, clinical validity of a gene is established when we 
know of at least one variant in the gene that causes human 
disease.

• If the variant classification schema is robust, we know that a 
variant causes disease only when there is sufficient evidence to 
classify the variant as pathogenic.

• Therefore:
⚬ If there is sufficient evidence to classify a variant as patho-

genic, then we know that the variant causes disease, we know 
that the gene causes disease, and we know that a clinical test 
of the gene can be clinically valid.

• Conversely:
⚬ If there is NOT sufficient evidence to classify any clinically 

observed variants as pathogenic (i.e., if ALL clinically 
observed variants must be classified as VUS), then we do 
not know of a variant in the gene that has been proven to 
cause disease in humans, we can not be certain that the gene 
causes disease, and we do not know that a test of the gene 
would be clinically valid.

This argument reduces the question of evaluating the strength 
of the evidence supporting a causal gene–condition relationship to 
the more tractable question of the formal classification of clini-
cally observed variants.

This approach depends on a robust and rigorous variant 
classification method, such as a careful implementation of 
the American College of Medical Genetics (ACMG) variant 
classification guidelines. These guidelines classify observations 
about the consequence and context of a variant into one of a 
series of “evidence types.” Each evidence type contributes a 
predetermined amount to the argument that a variant is benign 

or pathogenic, and thresholds are suggested for the amount of 
evidence required to reach a certain classification. Admissible 
evidence may include family segregation data, observations in 
multiple, unrelated, clinically affected individuals, absence in 
healthy controls, animal models demonstrating recapitulation of 
a human disease phenotype, and functional data demonstrating 
an aberrant effect on the protein or transcript. The conclusion 
that a variant is pathogenic generally requires more than one type 
of strong evidence consistent with pathogenicity, and generally 
requires the observation of the variant in multiple, unrelated, 
similarly affected individuals.

The number of different pathogenic variants a gene harbors 
is not relevant to the general question of clinical validity. In fact 
there are many cases, especially in genes with gain-of-function 
disease mechanism, where all known incidences of the disease 
are caused by the same, specific pathogenic variant. In these 
cases, the clinical validity of the gene test is still established by 
the determination that that single variant is pathogenic.

One possible objection is that the assessment of a variant’s 
pathogenicity depends on already knowing the strength of the 
gene–condition relationship. We would argue that a careful 
application of the variant classification framework already takes 
the relevant uncertainties into account. The ACMG framework 
provides a series of cautions about using information of tan-
gential relevance: for example, case reports from individuals 
with possibly unrelated presentations, or assumptions about 
molecular mechanism. The power of case reports should be 
modulated based on the relevance and specificity of the pre-
senting phenotype. Before the gene has been well established 
as a cause of disease, any case report should be treated with 
this caution. The significance of the effect of the change on the 
RNA or protein should be modulated based on the understand-
ing of the molecular mechanism of disease. Before the gene 
has been well established as a cause of disease, all sequence 
observations should be treated with this caution. If these cautions 
are respected, it will be impossible to conclude that a variant 
is pathogenic without substantial evidence of multiple types 
supporting the conclusion.

If there is a clinically observed variant that can be classified as 
pathogenic, then it has been proven that the gene causes human 
disease.

Gene–Condition Strength Terminology
We describe the strength of the evidence supporting a possible 
relationship between a gene and a particular condition as either 
“strong,” “suggested,” or “emerging.”

• “Strong” is used in cases where there exists at least one clin-
ically observed variant supported by sufficient evidence to 
classify that variant as pathogenic. “Strong” indicates that the 
relationship has been proven.

• “Suggested” is used in cases where some preliminary evidence 
exists suggesting a causal relationship, but the relationship has 
not yet been formally proven.

• “Emerging” is used to describe a growing suspicion that a 
specific condition is caused by a gene that has already been 
proven to cause disease.
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If a gene has at least one “strong” relationship, then clinical 
validity for that gene has been established. If a gene has no “strong” 
relationships, then clinical validity has not been established, and 
the gene remains a “Gene of Uncertain Significance.”

Establishing Specificity in the Associated Clinical 
Phenotype
It is important to be as specific as possible with regard to the 
condition(s) associated with a gene. However in some cases we 
recognize that, while it is clear that the gene causes disease, there 
are too few case reports to derive any confidence about which 
disease, or if that disease matches neatly with any known and 
established clinical entities.

We address this question by a two-step process. We first 
establish that the gene causes disease by considering its relation-
ship to a generic entity referred to as “GENE-related conditions.” 
We then consider if that generic entity can be refined into one or 
more specific conditions.

Our approach to this question relies on a heuristic. In order to 
consider the relationship between a gene and a specific condition 
as “strong,” we require the observation of a pathogenic variant 
in three unrelated individuals who manifest the specific condi-
tion. If only one or two case reports describing individuals with 
pathogenic variants and manifesting a specific condition are 
available, we consider the specific gene–condition relationship to 
be “emerging.” The decision to require three individuals is not 
a statistical assessment, but is meant as a simple hedge against 
coincidences of individual expressivity or complex individual 
genotype; a non-classical clinical presentation in an affected 
individual may simply reflect an expansion of disease presenta-
tion or a modification of the presentation due to other genetic or 
external modifiers.

A gene can be well established as the cause of one specific 
condition, and also purported to cause an additional condition. In 
some cases, the conditions are distinct enough to be thought of as 
separate entities, and in some cases, the second condition should 
be thought of as a phenotypic expansion of the gene-specific, clini-
cal manifestation. This distinction can be somewhat subjective. In 
general, if individuals with pathogenic variants and both pheno-
types are reported, we consider this to be evidence in support of 
the idea that the phenotype associated with that gene is complex, 
rather than the idea that the gene causes two distinct conditions.

This is of special importance in cardiac genetics where some 
distinct conditions exist, where common mechanisms may cause 
one clinical condition to progress to presenting features of a second, 
and where there is extensive clinical overlap between some closely 
related conditions. Furthermore, because some cardiac conditions 
display reduced penetrance and/or later onset, the simple fact 
of observing a pathogenic variant in a single individual with an 
unexpected phenotype is not sufficient to establish a relationship 
between this variant and the carrier’s condition.

evaluation of cardiac genes: examples 
and summary
For each gene purported to be associated with a cardiac condi-
tion, we evaluated the evidence supporting the pathogenicity of 

the published, clinically observed variants. The full conclusions 
of our assessments of the genes associated with arrhythmias, 
cardiomyopathies, and the related syndromes are presented in 
Tables 1 and 2, and detailed examples of Strong, Suggested, and 
Emerging relationships are described below.

Establishing a Single Condition as “Strong”
The MYH7 gene has long been understood to be a cause of 
Hypertrophic Cardiomyopathy (HCM), a relationship which is 
clearly illustrated by the well-known, pathogenic p.Arg403Gln 
variant. This variant is absent from control populations, but has 
been shown to strongly segregate with HCM in four families 
with an overall LOD score of 3.4 (4–7). In addition, experimental 
studies have demonstrated that this change leads to defective 
ATPase activity and significantly alters actin motility (8–13). 
Furthermore, this variant has been shown to cause HCM in 
both transgenic mouse and rabbit models (14, 15). The clinical, 
functional, population, and animal data clearly establish this 
variant as pathogenic, and an abundance of individuals with this 
variant and a classic HCM phenotype have been reported. This 
pathogenic variant in MYH7 causes HCM, and the link between 
MYH7 and HCM is therefore established.

Multiple “Strong” Conditions Caused  
by the Same Gene
KCNQ1, the potassium voltage-gated channel, is an example 
of a gene that causes two clinically distinct conditions: Jervell 
and Lange-Nielsen Syndrome (JNLS), and long QT syndrome 
(LQTS).

Jervell and Lange-Nielsen Syndrome is an autosomal reces-
sive, multisystem disorder characterized by congenital profound 
bilateral sensorineural hearing loss and prolonged QT interval 
at a young age. Onset of cardiac symptoms typically occurs in 
childhood, and arrhythmia due to JLNS may result in recurrent 
syncope, seizure-like activity, or sudden cardiac arrest/death. In 
addition to congenital hearing loss and cardiac symptoms, some 
individuals with JLNS have also been found to have anemia and 
elevated levels of the hormone gastrin.

Although a range of variants can be pathogenic, a common 
pathogenic JLNS variant is p.Arg518*, a founder mutation in the 
Swedish population. It has been observed in the homozygous state 
in a number of JLNS patients, and as a compound heterozygote 
with other truncating variants (16–18).

In addition, heterozygous carriers of pathogenic variants are 
affected by LQTS of varying severity. LQTS is characterized by 
a prolonged QTc interval on electrocardiogram (ECG/EKG) and 
cardiac arrhythmia, such as torsade de pointes, that may result 
in recurrent syncope, seizure-like activity, and sudden cardiac 
arrest/death (19, 20). Although mild hearing loss can sometimes 
be an associated symptom of LQTS, it is a recognizably distinct 
clinical entity from JLNS. In one study, 12 heterozygous carriers 
of the pathogenic p.Arg518* variant were demonstrated to have 
prolonged QT segments and normal hearing (18).

This series of case studies of individuals with variants that 
are known to be pathogenic, and who are affected by LQTS 
and not JLNS, establishes the relationship between KCNQ1 
and LQTS.
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TaBle 1 | gene–condition strengths for selected cardiomyopathies.

hcM DcM arVD/c lVnc Overlapping cardiomyopathy syndromes

MYBPC3 Strong Strong Suggested

MYH7 Strong Strong Strong Strong: Laing distal myopathy 

PLN Strong Strong Strong Emerging

TNNC1 Strong Strong

TNNT2 Strong Strong Strong

TPM1 Strong Strong Suggested

TNNI3 Strong Strong Suggested

TTN Strong Strong: titinopathies 

LMNA Strong Suggested Suggested Strong: laminopathies 

DSP Strong Strong Strong: Carvajal syndrome 

RBM20 Strong Suggested

VCL Emerging Strong

TAZ Strong Strong Strong: Barth syndrome 

DSG2 Strong Strong  

DES Strong Strong Strong: desminopathy 

BAG3 Strong Strong: myofibrillar myopathy 

SCN5A Strong Strong Suggested  

DMD Strong Strong: Duchenne muscular dystrophy 

RAF1 Strong  

ACTC1 Strong Emerging Strong  

ACTN2 Strong Emerging Emerging  

CSRP3 Strong Suggested  

FHL1 Strong Strong: Emery–Dreifuss muscular dystrophy 

GLA Strong: Fabry disease 

MYL2 Strong  

MYL3 Strong  

PRKAG2 Strong Strong: glycogen storage disease 

HCN4 Strong  

RYR2 Emerging Strong Strong  

LAMP2 Emerging Strong: Danon disease 

TTR Strong: transthyretin amyloidosis 

ELAC2 Strong: combined oxidative phosphorylation deficiency 

MTO1 Strong: combined oxidative phosphorylation deficiency 

CAV3 Suggested Strong: caveolinopathies 

ALMS1 Strong: Alstrom syndrome 

EMD Emerging Strong: Emery–Dreifuss muscular dystrophy 

FKRP Strong: muscular dystrophy 

FKTN Strong: muscular dystrophy 

JUP Suggested Strong Strong: Naxos disease 

SDHA Strong: mitochondrial complex II deficiency 

TMEM43 Strong Suggested: Emery–Dreifuss muscular dystrophy 

DSC2 Suggested Strong Strong: RVC with palmoplantar keratoderma and  
wooly hair 

PKP2 Suggested Strong  

TCAP Suggested Suggested Strong: limb girdle muscular dystrophy 

ABCC9 Suggested Strong: Cantu syndrome 

SGCD Suggested Strong: limb girdle muscular dystrophy 

This table presents assessments of the strength of each gene–condition associations across the cardiomyopathies. Specific references for each cell in this table are available in the 
Supplementary Material.
The following genes have only “suggested” relationships to cardiac conditions, and are therefore classified as preliminary evidence genes: LDB3, ANKRD1, PDLIM3, MYPN, NEXN, 
CALR3, JPH2, MYLK2, MYOM1, MYOZ2, PRDM16, CRYAB, CTF1, FHL2, GATA6, GATAD1, ILK, LAMA4, NEBL, NPPA, TMPO, TXNRD2, DTNA, CTNNA3.
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TaBle 2 | gene–condition strengths for selected arrhythmias.

long QT 
syndrome

short QT 
syndrome

Brugada 
syndrome

cPVT Overlapping 
arrhythmia 
syndrome

KCNH2 Strong Strong Suggested

KCNQ1 Strong Emerging Strong: Jervell 
Lange-Nielsen 
syndrome

SCN5A Strong Strong

CASQ2 Strong

RYR2 Strong

CAV3 Strong

KCNE1 Strong Strong: Jervell 
Lange-Nielsen 
syndrome

KCNE2 Strong

CALM1 Strong Strong

CALM2 Strong Strong

CALM3 Strong Strong

TRDN Strong Strong

KCNJ2 Emerging Strong Emerging Strong: 
Anderson-Tawil

CACNB2 Strong Strong

GPD1L Strong

CACNA1C Strong Suggested Suggested Strong: 
Timothy 
syndrome

This table presents assessments of the strength of each gene–condition associations 
across the arrhythmias. Specific references for each cell in this table are available in the 
supplemental materials.
The following genes have only “suggested” relationships to cardiac conditions, and are 
therefore classified as preliminary evidence genes: SCN4B, SNTA1, TRPM4, KCNE3, 
KCNE5, RANGRF, SLMAP, KCNJ8, SCN3B, SCN2B, and SCN10A.
CPVT, catecholaminergic polymorphic ventricular tachycardia.
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“Strong” First Condition and “Emerging” Second 
Condition
In addition to LQTS and JLNS, there is some emerging evi-
dence that certain variants in KCNQ1 also cause Short QT 
Syndrome (SQTS). Short QT syndrome is characterized by 
a shortened QTc interval on electrocardiogram and cardiac 
arrhythmias that may result in syncope, seizure-like activity, 
and/or sudden cardiac arrest/death (21, 22). To date, there 
are two relevant case reports: (1) a 70-year-old male has been 
observed with SQT and a p.Val307Leu variant. While there 
is functional evidence that p.Val307Leu could contribute to 
a gain-of-function phenotype (23), this variant would still be 
formally classified as a VUS until additional case reports or 
segregation data became available. (2)  An infant with severe 
fetal bradycardia, irregular rhythm, and short QT who has a 
de novo p.Val141Met variant. In this case also, there is some 
functional evidence that this mutation has a gain-of-function 
effect (24). The de novo observation contributes strongly to 
this variant’s pathogenic classification.

At this time, there is one report of an individual with a patho-
genic variant in KCNQ1 and a severe short QT/arrhythmogenic 
phenotype. It is quite likely that certain gain-of-function muta-
tions in KCNQ1 cause short QT; however, it is also possible that 

these variants are coincidental observations in individuals whose 
true causative variant remains undiscovered. Until additional 
case reports come to light, we classify the relationship between 
KCNQ1 and short QT syndrome as “emerging.”

Single Condition Example: “Suggested”
SCN10A may be a gene that causes Brugada syndrome, although 
this has not yet been proven. While SCN5A is the primary cause 
of Brugada syndrome, rare SCN10A variants have been found in 
about 16% of SCN5A-negative Brugada patients. All told, there 
have been around 30 missense changes observed in Brugada 
patients (25, 26); however, a detailed evaluation of the underlying 
evidence regarding each of these variants leads us to conclude 
that every one of these variants should be classified as VUS. 
Most of these variants are supported by little evidence beyond 
an observation in an individual, absence in the general popu-
lation, and computational predictors. There are two reported 
variants that have been explored more thoroughly, p.Arg14Leu 
and p.Arg1268Gln. These variants have each been observed in 
four individuals with Brugada signs, and experimental evidence 
seems to demonstrate that in an in  vitro co-expression model, 
introducing these variants into SCN10A leads to a significant 
reduction in SCN5A current (26). However, these variants are 
also relatively common in the general population, with hundreds 
of observations in ExAC. Taken together, and in the absence 
of compelling segregation data, even these two variants must 
remain classified as VUSes.

At this point, there exist no clinically observed variants in 
SCN10A that can be classified as pathogenic, and therefore we 
cannot be certain that pathogenic variants in SCN10A cause 
Brugada syndrome. For this reason, we classify the relationship 
between SCN10A and Brugada as “suggested.”

Syndromic Genes and Isolated Phenotypes
Pathogenic variants in genes that are primarily associated with 
syndromes can sometimes manifest clinically as isolated cardiac 
conditions. This can be because other symptoms have not yet 
developed, because other symptoms are subtly present and have 
escaped notice, or because the gene truly also causes the isolated 
phenotype. How should we think about the range of conditions 
caused by mutations in these genes?

For example, do some pathogenic variants in DMD cause 
isolated dilated cardiomyopathy (DCM)? The evidence that they 
may includes: (1) in one large family, isolated DCM in the absence 
of Duchenne or Becker muscular dystrophy mapped to the DMD 
gene (27), (2) a collection of case studies identified classically 
pathogenic DMD variants (exonic deletions or splice variants) in 
individuals with DCM and without additional features associated 
with muscular dystrophy (28–30), (3) a study which evaluated 
the DMD gene (called DYS in this paper) in a series of 436 male 
patients diagnosed with isolated DCM, the authors identified 
pathogenic deletions or splice variants in 34 patients (31). Upon 
closer inspection, many of these individuals with “isolated” DCM 
had elevated serum creatine phosphokinase and/or mild skeletal 
myopathy. However, there were six individuals with classically 
pathogenic DMD variants who did not have any signs of latent or 
undiagnosed muscular dystrophy.
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There are, therefore, a collection of individuals with isolated 
DCM whose phenotypes can clearly be explained by identified, 
pathogenic variants in DMD. We would argue that this series of 
patients establishes the relationship between DMD and isolated 
DCM. We would also suggest, however, that this is largely a 
semantic distinction. One can say, “Pathogenic variants in 
DMD can, in some cases, lead to isolated DCM” or one can say 
“Pathogenic variants in DMD cause Becker syndrome, which in 
some cases can present as (and not progress beyond) isolated 
DCM” and these amount to much the same thing in practice. 
A patient who has what is apparently isolated DCM should be 
evaluated for potential pathogenic variants in the DMD gene, 
as such a variant may be the cause of this patient’s condition. 
Likewise, a patient with a pathogenic variant in DMD should be 
carefully examined and monitored for other symptoms of Becker 
muscular dystrophy as additional symptoms may be subtle or 
may appear with a later onset.

FHL1 presents another example of this logic. FHL1 is a 
well established, “strong” cause of Emery Dreifuss muscular 
dystrophy (EDMD) and may also cause isolated HCM. Some 
EDMD patients develop HCM (32), and there are many reports 
of patients with pathogenic variants in FHL1 who present with 
isolated HCM and who have no other symptoms of EDMD. These 
include: (1) a small pedigree of three individuals with isolated 
HCM that segregates with an FHL1 truncation variant, (2) an 
unrelated individual with isolated HCM and an apparently de 
novo frameshift variant (33), and (3) a three generation pedigree 
manifesting HCM that segregates with different truncating FHL1 
variants (34). This series of individuals with pathogenic variants 
in FHL1, with a clinical diagnosis of HCM but with no evidence 
of EDMD, establishes the relationship between FHL1 and isolated 
HCM. However, there is no clear genotype/phenotype correla-
tion distinguishing variants that cause EDMD from variants that 
cause isolated HCM, and the differing manifestations may be 
due to other genetic or environmental factors specific to these 
individuals or families. Patients with isolated HCM should be 
evaluated for variants in the FHL1 gene, and patients with patho-
genic FHL1 variants should be carefully examined for features 
of EDMD.

Panel Design and clinical Overlap among 
cardiac conditions
Conventional cardiac evaluations may not accurately determine 
an individual’s true, underlying diagnosis. For example, left 
ventricular hypertrophy observed on an echocardiographic 
evaluation is typically associated with isolated HCM but may 
also be the primary presenting feature of an unrecognized 
syndromic condition such as Noonan syndrome or Fabry dis-
ease (35). “End-stage” HCM is characterized by left ventricular 
dilation, and isolated echocardiogram results can easily lead to 
a misdiagnosis of primary DCM (36). Ventricular arrhythmia, 
conduction disease, cardiac arrest or unexplained syncope, in the 
absence of secondary causes, could either represent a primary 
inherited arrhythmia syndrome or the early clinical presentation 
of an arrhythmogenic cardiomyopathy (37–41). Clinicians and 
professional organizations have recognized the importance of 

comprehensive genetic testing to aid in the diagnosis of cardiac 
conditions (42), and panel design should address these issues of 
overlapping and misleading clinical presentation.

We propose that a comprehensive panel test designed for the 
molecular diagnosis of a particular condition should include the 
following classes of genes:
• Genes that have been conclusively proven to cause the condi-

tion in question.
• Genes suspected but not yet proven to cause the condition in 

question.
• Genes that have been conclusively proven to cause a condition 

within the clinical differential. This category should include 
genes that cause a condition that can progress into the con-
dition in question, genes that cause a condition that can be 
confused with the condition in question, and genes that cause 
a syndrome that include the condition in question as a primary 
feature.
We suggest that the clinical validity of a panel is established 

when that panel includes a set of genes that account for a substan-
tial proportion of the genetic causes of the disease in question. 
Conversely, a panel is NOT valid if it omits certain genes that 
account for a substantial proportion of the known genetic risk. 
A clinically valid panel may also include genes for which some 
preliminary evidence of clinical validity exists (“preliminary 
evidence genes”).

A panel test for HCM should include, therefore, genes proven 
or suspected to cause isolated HCM, and genes proven to cause 
conditions that can present with HCM as a primary feature, such 
as Fabry disease.

Likewise, a panel for DCM should include genes proven or 
suspected to cause isolated DCM, genes proven to cause HCM 
(because HCM can progress to, and be observed as, DCM), and 
genes proven to cause arrhythmogenic right ventricular dyspla-
sia or cardiomyopathy (ARVD/C, because ARVD/C can present 
as DCM).

A selected mapping of clinically presenting features to their 
potential underlying clinical conditions is presented in Table 3. 
While this mapping is not meant to be comprehensive, it is 
intended to illustrate some of the common discrepancies and 
overlaps.

DiscUssiOn

The three pillars of effective diagnostic medicine are analytic 
validity, clinical validity, and clinical utility. Establishing the 
clinical validity of a multi-gene panel depends on an accurate 
and detailed understanding of the strength of the evidence 
that establishes a causal relationship between the included 
genes and human disease. We have established methods to 
establish gene-level clinical validity, to construct meaningful 
panel tests, and have applied these methods to a set of cardiac 
gene–condition pairs.

Before the advent of exome sequencing, gene–conditions 
associations were traditionally established through the use 
of gene-mapping techniques. This approach required the 
ascertainment of multiple, large affected families to provide 
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TaBle 3 | clinical overlap of selected inherited arrhythmias and cardiomyopathies.

…may actually represent a true case of:

hcM DcM arVD/c long QT short QT Brugada cPVT Unspecified 
arrhythmia

noonan 
syndrome/
rasopathy

Fabry 
diseasea

DMD/
Beckera

A
 c

lin
ic

al
  

pr
es

en
ta

tio
n 

of
…

HCM ✓ ✓ ✓

DCM ✓ ✓ ✓ ✓

Unspecified 
cardiomyopathy

✓ ✓ ✓ ✓ ✓ ✓

ARVD/C ✓ ✓ ✓ ✓ ✓

Unspecified 
arrhythmia

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Specific cardiac presentations can reflect a wide range of underlying conditions. Understanding the spectrum of conditions that can present with particular features is an important 
first consideration in the planning of diagnostic panels. This table presents some of these relationships.
aNoonan, Fabry and DMD/Becker are included as representative examples only. Other overlapping syndromic conditions exist but are not represented in this table [adapted from  
Pagon et al. (44)].
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sufficient power to establish linkage to relatively small genomic 
regions. Genes within the identified regions were then analyzed 
further for possibly causal variants, or for functional or bio-
logical relevance. This was an effective strategy when the cost 
of expansively sequencing an individual was prohibitive, but 
was limited in that it relied on the availability of large pedigrees 
or multiple pedigrees that shared the same underlying genetic 
cause. Sufficient families are generally only available in the cases 
where a single gene explains a substantial number of cases of a 
particular condition.

As the cost of sequencing has come down, it has become 
feasible to bypass the process of narrowing the genomic search 
space, and to move directly to the search for causal variants. 
This has allowed the clinical research community to take greater 
advantage of isolated unrelated individuals and small pedigrees 
to generate meaningful genetic hypotheses. The increased 
accessibility of exome sequencing, for example, has led to an 
explosion of hypotheses about gene–condition relationships. The 
consequence is that we have a greater appreciation of the specific 
genetic diversity underlying many conditions, but also that the 
amount of data available to support a particular hypothesis is 
often substantially limited. As diagnostic testing moves to include 
these genes in routinely available tests, there is a need for an 
efficient and reproducible method for evaluating the strength of 
the evidence suggesting a causal relationship. Meaningful panel 
design, and the appropriate understanding and use of results 
derived from the included genes, depend on this fundamental 
understanding.

clinical Validity of a Panel Test
This paper aims to provide a method for establishing clinical 
validity of individual genes that is consistent with the general 
ACCE framework. We also note that, although clinical practice is 
quickly moving to embrace panel testing, a clear framework does 
not exist for establishing clinical validity on a panel level. Some 
entities suggest that clinical validity of a panel is established when 
each and every included gene has established validity; however, 
this assertion is refuted by the rapid adoption of exome testing as 
a viable, clinically valid option.

For many conditions, the bulk of the diagnostic yield of a panel 
test is accounted for by pathogenic variants in a small number of 
genes, and is supplemented by a “long tail” of genes that account 
for rare cases. In addition, there can be real benefit to patients to 
testing genes in advance of their clinical validity being conclu-
sively established.

We therefore propose that the clinical validity of the panel test 
is largely established by the inclusion of genes that account for the 
bulk of the diagnostic yield for that condition. Conversely, a panel 
test should be considered to be out-of-date and no longer clini-
cally valid if it fails to include such genes. For example, a clinically 
valid test for HCM must include MYBPC3, as pathogenic variants 
in this gene account for a substantial portion of HCM cases, 
and an HCM panel that fails to include this gene should not be. 
However, a panel should not be bounded by the current state of 
information, for the reasons described below. An effective HCM 
panel may also include a series of preliminary evidence genes that 
may turn out to contribute additional clinical sensitivity, but that 
cannot do so at this point in time.

Utility of Findings in the Three classes of 
genes
Broadly speaking, genes are included in a panel for one of the three 
reasons listed below. The utility of findings in the gene depends 
on the categorization of the gene and the reason for inclusion.

Genes That Definitively Cause a Condition within the 
Patient’s Differential
When pathogenic variants are identified in these genes, these 
variants likely represent a causal explanation for the individual’s 
condition. Pathogenic variants in these genes can inform the 
prognosis, management, and treatment of the affected individual. 
Pathogenic variants are also material to the health and clinical 
management of the proband’s family members. Asymptomatic 
relatives who carry the variant may be candidates for more 
aggressive screening, monitoring, or prophylactic interventions. 
Asymptomatic relatives who do not carry the pathogenic familial 
variants may be returned to standard monitoring protocols for 
their demographic.
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When variants of uncertain significance (VUSes) are identi-
fied in these genes, testing of similarly affected family members 
may be useful in understanding the clinical significance of the 
variant. Segregation of the variant with disease can inform the 
relevance of the variant to the particular family, and may inform 
the formal classification of the variant.

Most of the diagnostic yield from a panel test is derived from 
these genes, and testing broadly beyond this class of genes does 
not substantially increase that yield (35).

Genes That Definitively Cause a Related or Similar 
Condition, but That Have Not Been Definitively 
Proven to Cause the Proband’s Condition
The clinical overlap between many cardiac conditions is exten-
sive. Furthermore, we know that our understanding of the full 
phenotypic heterogeneity of many of these genes may be limited. 
It will come as no surprise when evidence emerges demonstrat-
ing that pathogenic variants in any one gene can lead to a larger 
range of phenotypes than we currently appreciate. Because of this, 
more clinicians are opting to test genes that have been definitively 
proven to cause a related disease in their diagnostic testing regi-
mens. However, the utility of findings in such genes is different 
than that described above.

When pathogenic variants are identified in these genes, they 
can mean one of a few things. The variant may represent the true 
cause of the patient’s condition, and may indicate that the patient 
represents an expansion of the clinical phenotype previously 
associated with the gene. However, due to the prevalence of some 
cardiac conditions, families affected by more than one condition 
are not uncommon. The pathogenic variant may, therefore, be an 
incidental finding, and may indicate that the individual is also at 
risk for a second condition. The pathogenic finding is still relevant 
to asymptomatic family members; however, caution should be 
applied as the observation in the first proband may suggest that 
the variant is incompletely penetrant in this family. Discovery of 
pathogenic or uncertain variants in these genes in a patient should 
stimulate a thorough review of the clinical presentation through the 
lens of the new hypothesis. The patient may have subtle features of 
the associated clinical condition that were not initially appreciated.

When a VUS is identified in one of these genes, segregation 
data can be difficult to parse. Segregation analysis depends on the 
co-occurrence of the variant with an associated condition. But if 
it is not yet certain that the gene causes the condition, individuals 
with that condition are not necessarily informative. If the variant 
does not segregate with the condition in the family, then it is 
certainly not likely to be the cause of disease. In this situation, 
clinicians and patients must wait for additional information to 
emerge regarding the spectrum of clinical presentations associ-
ated with clearly pathogenic variants in the gene.

Genes That Have Not yet Been Proven to Cause Any 
Condition: Only “Suggested” Gene–Condition 
Relationships
Genetic testing panels routinely include “candidate” or “pre-
liminary evidence” genes (genes with no more than “suggested” 
relationships to any clinical condition), and for good reason. The 

cost of generating and holding additional patient data has become 
marginal, we expect our understanding of genetics to improve 
rapidly over the next years, and an appropriate use of this infor-
mation does not increase downstream clinical cost or burden.

It is, by definition, not possible to identify pathogenic variants 
in genes which have not been proven to cause any condition. 
Variants that are identified in these genes are not used to guide 
monitoring or treatment decisions. They are also not used to 
inform risk in family members. However, variants identified in 
these genes are held in the patient record or by the lab so that, 
if and when new information becomes available, that informa-
tion can become useful to the patient without having to endure 
the cost and time of a second genetic test. Additionally, testing 
these genes can help identify patients and families who may be 
referred to research studies to help support an expansion of our 
understanding of the condition and the genetics.

Other necessary information for the 
accurate interpretation of Variants
This paper focuses on establishing the clinical validity of par-
ticular genes. It should be clear, however, that although clinical 
validity is a primary consideration, it does not encapsulate all of 
the relevant details one would need to accurately interpret novel 
sequence variants. Such details include molecular mechanism of 
disease, inheritance patterns associated with disease, penetrance, 
age-of-onset, severity of disease, the consequence of homozygous 
variants, relevant protein domains, the frequency of de novo 
variants, etc. The framework for rigorously establishing these 
qualities is beyond the scope of this paper. If it has been proven 
that the gene causes disease, then questions of “how?” and “by 
what mechanism?” become relevant.

Other gene–condition classification 
efforts
Besides the approach outlined in this paper, there exist other, prom-
ising efforts to tackle this essential question of the evaluation of the 
strength of the purported gene–condition relationship. Among the 
most promising is being developed by the ClinGen Gene Curation 
Working Group, a part of the broader ClinGen effort (43). This 
working group is developing a framework for evaluating the 
strength of the evidence that supports a gene–condition relation-
ship that is similarly based on the structured evaluation of underly-
ing evidence. We expect that group’s efforts to ultimately become 
the authoritative source for this sort of information. However in 
order for that to happen, that approach must be finalized and then 
broadly accepted and adopted with the support of the larger clinical 
genomics community. Equally importantly, it must be supported 
and maintained by an extensive community-based curation effort 
that will march through the Mendeliome and the array of possibly 
associated conditions. For labs and clinicians working in clinical 
genetics now, it is simply not possible to defer patient care until 
these community-based resources can mature.

cOnclUsiOn

The design of effective diagnostic tests, the clinical validity of 
those tests, and the effective use of the results of such tests, 
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depends on a clear understanding of the relationship between 
each gene and each considered condition. This paper clearly 
describes a general methodology establishing clinical validity 
of a gene that can easily be applied across clinical areas. For an 
active clinical lab, the benefits of the variant-centric approach 
to the question of clinical validity should be evident: it allows 
the lab to maintain one consistent lens for assessing clinical 
molecular genetics, capitalizes on the variant classification 
method and the infrastructure to support that method, and 
reduces logical inconsistencies that arise from using different 
schema to evaluate the relationship between genetic changes 
and human disease.
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Genetic evaluation and Use of 
Chromosome Microarray in Patients 
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Congenital heart defects (CHDs) are common birth defects and result in significant mor-
bidity and global economic impact. Genetic factors play a role in most CHDs; however, 
identification of these factors has been historically slow due to technological limitations 
and incomplete understanding of the impact of human genomic variation on normal 
and abnormal cardiovascular development. The advent of chromosome microarray 
(CMA) brought tremendous gains in identifying chromosome abnormalities in a variety 
of human disorders and is now considered part of a standard evaluation for individu-
als with multiple congenital anomalies and/or neurodevelopmental disorders. Several 
studies investigating use of CMA found that this technology can identify pathogenic 
copy-number variations (CNVs) in up to 15–20% of patients with CHDs with other con-
genital anomalies. However, there have been fewer studies exploring the use of CMA 
for patients with isolated CHDs. Recent studies have shown that the diagnostic yield of 
CMA in individuals with seemingly isolated CHD is lower than in individuals with CHDs 
and additional anomalies. Nevertheless, positive CMA testing in this group supports 
chromosome variation as one mechanism underlying the development of isolated, 
non-syndromic CHD – either as a causative or risk-influencing genetic factor. CMA has 
also identified novel genomic variation in CHDs, shedding light on candidate genes and 
pathways involved in cardiac development and malformations. Additional studies are 
needed to further address this issue. Early genetic diagnosis can enhance the medical 
management of patients and potentially provide crucial information about recurrence. 
This information is critical for genetic counseling of patients and family members. In this 
review, we review CMA for the non-genetics cardiology provider, offer a summary of CNV 
in isolated CHDs, and advocate for the use of CMA as part of the cardiovascular genet-
ics evaluation of patients with isolated CHDs. We also provide perspective regarding the 
benefits and challenges that lie ahead for this model in the clinical setting.

Keywords: chromosome microarray, congenital heart defects, copy-number variation, genetic counseling, clinical 
genetics
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iNTRODUCTiON

Congenital heart defects (CHDs) are a common group of human 
malformations with significant morbidity and economic impact 
(1–3). The prevalence of CHDs in the general population has 
increased with ongoing advancements in medical and surgical 
care so that survival to adulthood is relatively common (4). In 
fact, the population of adults with CHDs is now larger than the 
number of children with CHDs. Despite the birth incidence of 
CHDs remaining relatively stable over the last half-century, the 
true global prevalence of CHDs is likely underestimated (2, 5). As 
more individuals with CHDs survive and reach reproductive age, 
questions regarding heritability, etiology, and recurrence risks 
will be common.

The majority of all CHDs are isolated or non-syndromic, but 
about 20–30% of infants with CHDs have extracardiac malforma-
tions (6). These cases often constitute well-known chromosomal 
and single-gene syndromes (e.g., trisomy 21, trisomy 18, and 
Noonan syndrome). However, complex rare diseases with CHDs 
and multiple congenital anomalies may remain undiagnosed, 
despite expert evaluation and/or the use of genetic testing. 
The underlying causes for the vast majority of CHDs remain 
unknown, especially in the case of apparently isolated or non-
syndromic CHDs.

Approximately 20–30% of CHDs can be attributed to a 
single identifiable genetic or environmental cause (6–8), while 
the remaining cases are thought to be multifactorial. Examples 
of environmental risk factors include maternal disease (like 
maternal hyperphenylalaninemia, rubella, diabetes) and fetal 
teratogens (like alcohol, retinoic acid, and lithium) (9–11). 
CHDs are genetically heterogeneous, with numerous confirmed 
or proposed genetic risk factors, including single-gene variation, 
aneuploidy, chromosome rearrangements, and chromosome dele-
tions/duplications. There are at least 55 human genes implicated 
in CHDs, but over 500 have been identified in mouse models (12). 
It is likely that the same magnitude will be eventually identified 
in humans. However, it is estimated that about 70–80% of CHDs 
have an unknown or multifactorial basis (13, 14). The complex-
ity of genetic contributions probably reflects the complexity of 
cardiac development, and it is accepted that CHD development 
is influenced by multiple genetic (and environmental) factors. A 
multifactorial etiology emphasizing genetic contributions has 
been proposed for CHDs based on recurrence risk data (~1–4% 
across all lesions) and that the fact that family history is a consist-
ent risk factor for CHDs (15–21). These recurrence risks generally 
increase as the number of affected first-degree relatives increases. 
Heritability estimates have been relatively high for specific classes 
of CHDs, namely, the left ventricular outflow tract obstructions 
(LVOTO) (22–24). The available evidence suggests that most 
CHDs have some genetic basis, but this is complicated further by 
variable expressivity and incomplete penetrance, even in families 
with an identified gene mutation or chromosome abnormality 
predisposing to the development of CHDs. Additionally, variants 
in the same genes can result in a spectrum of cardiac phenotypes.

As more individuals with CHDs survive and reach reproduc-
tive age, questions regarding inheritance and recurrence risk 
become increasingly important for reproductive planning and 

counseling. The recent advent of genomic technologies like 
chromosome microarray (CMA) and next-generation sequenc-
ing are providing additional diagnostic ability and refining 
recurrence information. As knowledge of the genetic bases of 
CHDs increases, genetic evaluation, testing, and counseling will 
continue to be important parts of the management of patients 
with CHDs. Current understanding of the multifactorial basis of 
CHDs is growing but far from complete, and cytogenetic analysis 
remains a valuable tool in the evaluation of patients with CHDs.

CYTOGeNeTiCS AND CHROMOSOMe 
MiCROARRAY FOR THe CARDiOLOGiST: 
A Review

Chromosome analysis has been a standard for investigating 
causes for developmental delay/intellectual disability, autism 
spectrum disorder, and congenital anomalies (25, 26). However, 
standard chromosome analysis (i.e., karyotype) has an estimated 
3% detection rate for pathogenic chromosome abnormalities. 
Conventional chromosome analysis detects well-known chro-
mosome aneuploidies (like trisomies 13, 18, and 21 or Turner 
syndrome) in about 10% of cases of CHDs (27). The innovation 
of CMA technology has increased the detection of chromo-
some abnormalities thought to be causative in individuals with 
developmental delay and congenital anomalies from 3% to about 
15–20% (25). Karyotype has a genomic resolution of ~5–10 
million base-pairs (megabases, or Mb); chromosome anomalies 
smaller than this are not consistently or reliably detected. Current 
CMA platforms generally have a genomic resolution of ≥250 
thousand base-pairs (kilobases, or kb), though some platforms 
may have a resolution down to individual genes (1 kb).

One evident challenge of this increased genomic resolution is 
that smaller chromosome variations that have unknown clinical 
significance can be identified (28). This contrasts conventional 
chromosome testing (karyotype) in which large imbalances that 
are detected are all likely pathogenic, and it is uncommon to 
identify variants of unknown significance. Due to the increased 
diagnostic ability of CMA, Miller et al. (25) suggested that they 
be used as a first-line test over standard karyotype – though there 
are certain scenarios in which karyotype may be an ideal test 
(balanced chromosome rearrangements, family histories with 
multiple miscarriages, and/or reduced fertility).

Chromosome microarray is ideal for detecting chromosomal 
imbalances and copy-number variations (CNVs) in patients with 
birth defects and early developmental impairments (25, 29, 30). 
CNVs are generally defined as chromosomal deletions or duplica-
tions that cannot be detected using traditional chromosome analy-
sis, generally sized 1 kb or greater. These CNVs are also referred to 
as “microdeletions” and “microduplications.” Additionally, other 
chromosomal imbalances can be detected like gross aneuploidy 
and higher-order amplifications like triplications. Interpretation 
of the clinical significance of CNVs is typically based on the 
overall size, gene content, location of breakpoints, and deletion 
vs. duplication of a chromosome region. Because the clinical sig-
nificance of many CNVs may be uncertain, the American College 
of Medical Genetics and Genomics published guidelines to assist 
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in predicting the pathogenicity of CNVs (31). Importantly, when 
a dose-sensitive gene is involved in the CNV region, deletion or 
duplication may have profound effects on the function of the gene 
and its protein products and potentially affect other downstream 
gene functions.

Chromosome microarray is performed by two strategies: 
array-based comparative genomic hybridization (aCGH) plat-
forms or by single-nucleotide polymorphism (SNP) platforms. 
Array-based CGH utilizes short DNA sequence oligonucleotide 
probes, whereas SNP-based arrays use SNPs as probes. SNP 
microarrays also provide genotype information by detecting 
allelic copies of single base-pairs throughout the genome. Loss/
gain of oligonucleotide probes on the aCGH platform and loss/
gain of SNPs on the SNP-based platform, both indicate deletions 
and duplications, respectively. Current CMA platforms may 
merge these two strategies in the form of “oligo-SNP” microarrays. 
It is imperative that ordering providers understand the benefits 
and limitations of CMA platforms and be able to interpret and 
communicate results to patients/families.

COPY-NUMBeR vARiATiON AND CHD:  
A Review OF THe LiTeRATURe

While many CNVs are associated with well-described genetic 
syndromes, the role of CNVs in the development of all CHDs is not 
entirely known at this time. A few examples of well-characterized 
syndromes with CHDs caused by CNVs include Williams syn-
drome (7q11.23 deletion), DiGeorge syndrome (22q11.2 deletion 
syndrome), and Smith–Magenis syndrome (17p11.2 deletion). It 
should be noted that these conditions typically include other con-
genital anomalies, dysmorphic features, and neurodevelopmental 
disorders. Assessment by a clinical geneticist should be standard 
in these and similar cases with CHDs due to the presence of 
congenital anomalies and/or developmental delay.

It is estimated that pathogenic CNVs are present in 15–20% 
of patients with CHDs and extracardiac features (32–35). The 
submicroscopic deletions and duplications associated with these 
syndromes generally are not detected by routine chromosome 
analysis; therefore, emphasizing the importance of CMA as a 
part of the diagnostic workup in patients with CHDs. Although 
CNVs play an important role in the development of genetic 
syndromes with CHDs, most CHDs do not occur in the context 
of a genetic syndrome. While the exact contribution of CNVs to 
isolated CHDs is unclear, studies show that ~4–14% of individu-
als with isolated CHDs have pathogenic or suspected pathogenic 
CNVs (36, 37), though others have suggested 3–10% (13, 38). 
Geng et  al. (39) retrospectively reviewed 514 CHD cases that 
had CMA testing, contrasting the yields between isolated and 
syndromic cases. They found pathogenic or likely pathogenic 
results for 4.3–9.3% of isolated CHD cases. The yield was higher 
for syndromic cases when excluding aneuploidies. Additional 
large-scale studies are necessary to further specify and support 
these estimates.

The few studies that have investigated the contribution of 
CNV to the development of isolated CHDs are providing insight 
into additional genes and pathways involved in cardiovascular 

development and malformation. These studies can also provide 
additional understanding about heritability, recurrence, variable 
expression, and incomplete penetrance of CHDs in families. In 
the studies summarized in Table 1, there are examples of appar-
ently isolated CHDs that were found to have CNVs overlapping 
known syndromic regions [e.g., 22q11.2 deletion and duplication, 
16p11.2 duplication; see Silversides et  al. (40)]. It is unclear if 
those patients had been evaluated for and/or diagnosed clinically 
with a genetic syndrome, or they had been unrecognized or 
only presented with mild features. These studies have not only 
provided additional information about candidate genes and path-
ways associated with CHDs or risk of CHDs but also highlight 
that even apparently isolated CHDs may actually be syndromic. 
This information can inform patient evaluation and may lead to 
early diagnosis, which can have positive impact on management 
and genetic counseling. Utility of genetic testing depends largely 
on accurate phenotyping of the CHD lesion and the presence of 
extra-cardiac features. Further studies with meticulous pheno-
typing and goals to assess broad classes of CHDs lesions should 
be undertaken to further refine this estimate. This also highlights 
the critical importance of involvement of clinical geneticists in 
the evaluation of seemingly isolated CHDs.

CMA FOR THe CHD POPULATiON: 
iNTeRPReTATiON OF ReSULTS

Chromosome microarray is recommended as a first-tier clinical 
genetic test in cases of isolated CHDs due to the relatively high 
rate of detection of pathogenic CNVs. Positive results in the 
patient with isolated CHDs can provide important information 
for practitioners and family members when making decisions 
regarding ongoing care and family planning. The negative CMA 
result can also be critical in guiding next steps for care and in lim-
iting the differential for any given patient. Many well-described 
chromosomal conditions can be eliminated as diagnoses by a 
normal CMA result. This elimination can guide further genetic 
testing decisions and options for additional clinical testing to 
hone in on the exact diagnosis for the patient.

While implementing the use of CMA in the diagnostic evalu-
ation of patients with CHDs has uncovered previously unknown 
pathogenic chromosome variation, it has also presented the 
unique challenges of interpreting variants of uncertain signifi-
cance (VUS). Designation of VUS is typically reserved for dele-
tions or duplications that have not been previously described, 
have not been seen in studied control populations, and for which 
there are incomplete data regarding genes in the affected region 
(45). Adding to this difficulty are the concepts of incomplete 
penetrance and variable expressivity. Some VUS results have 
been reported in the literature with highly variable phenotypic 
features due to variable expressivity, adding further complexity 
to the interpretation of the contribution of any given VUS to the 
phenotype of the patient. Incomplete penetrance of CNVs also 
complicates the recommendations and counseling provided to 
families, as accurate risk prediction for certain health concerns 
cannot be provided. Of particular concern is the patient with sig-
nificant morbidity who inherits a CNV of unknown significance 
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TABLe 1 | A summary of CNvs identified by CMA in non-syndromic CHDs reported in the literature.

Study CNvs (limited list) Confirmed or putative candidate 
genes for CHDs noted by authors 
(limited list)

CHD types in study Other notes

Thienpont 
et al. (41)

4q34 deletion AS, TOF, CoA, VSD, 
truncus arteriosus, PS5q35.1 deletion NKX2-5

9q34.3 deletion NOTCH1
22q11.2 duplication

Erdogan 
et al. (36)

1q21.1 deletion GJA5 Any CHD: majority were 
VSD; TOF, PS, CoA, ASD, 
AS, HLHS, and AVSD

The 17p11.2 deletion is causative for Smith–
Magenis syndrome. Features of this disorder 
were not appreciated until after the test result

2p22.3 duplication LTBP1
17p11.2 deletion (See note in last column)
22q11.2 duplication TBX1, CRKL

Greenway 
et al. (42)

1q21.2 deletion and duplication GJA5, PRKAB2, CHD1L, BCL9 TOF Study involved only subjects with TOF
2p23.3 duplication ASXL2, KIF3C, RAB10
3p25.1 duplication RAF1
9q34.3 deletion NOTCH1
20p12.2 deletiona JAG1
22q11.2 deletiona TBX1, CRKL

Silversides 
et al. (40)

1q21.1 duplication GJA5 TOF Study involved only subjects with TOF
1q32.2 deletion PLXNA2
3p25.1 deletion RAF1
7q21.11 deletion SEMA3E, SEMA3D
7p15.3 deletion DNAH11
7p22.2 deletion SNX8
8p23.1 deletiona GATA4, ANGPT2
8p23.3 duplication ARHGEF10

Soemedi 
et al. (37)

1q21.1 duplication GJA5 TOF, ASD, VSD, CoA, 
complex left-sided defect, 
TAPVR

Other rare CNVs identified with unconfirmed 
candidate genes associated with cardiac 
development; TOF overly represented

4q34 deletion HAND2
5q14.1q14.3 duplication SSBP2, TMEM167A, VCAN, EDIL3
5q35.3 duplication CNOT6
8p23.1 GATA4

Fakhro et al. 
(43)

1q32.3 duplication NEK2 Heterotaxy with: D-TGA; 
dextrocardia; VSD, ASD, 
PAPVR; malposed great 
arteries, CoA

Study involved CHDs with heterotaxy
2p25.1 duplication ROCK2
3p24.1-p23 deletion TGFBR2, RBMS3, GADL1
3p24.1 duplication TGFBR2, GADL1
7q36.1 deletion GALNT11
8p23.1 deletion GATA4
9q34.11 duplication NUP188

Zhao et al. 
(44)

3q21.3 duplication PLXNA1 ASD, VSD, PDA, TOF, 
Ebstein anomaly, tricuspid 
incompetence

Study involved 100 Han Chinese subjects
16q23.1 duplication WWOX
18q23 duplication NFATC1
22q11.2 deletiona TBX1, CRKL

AS, aortic stenosis; ASD, atrial septal defect; AVSD, atrioventricular septal defect; CHD, congenital heart defect; CoA, coarctation of the aorta; D-TGA, dextro-transposition of the 
great arteries; HLHS, hypoplastic left heart syndrome; PAPVR, partial anomalous pulmonary venous return; PDA, patent ductus arteriosus; PS, pulmonary stenosis; TAPVR, total 
anomalous pulmonary venous return; TOF, tetralogy of Fallot; VSD, ventricular septal defect.
aIt was unclear if these reports included patients with clinical diagnoses of syndromic disorders (i.e., DiGeorge syndrome for 22q11/2 deletion or Alagille syndrome for the 20p12.2 
deletion). It could be that these reports were either unrecognized syndromes or individuals who were mildly affected.
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from a typical-appearing parent. This situation requires discern-
ment from both the calling laboratory and the health care team in 
order to provide an accurate risk assessment to the “unaffected” 
parent as well as the affected child and the significance of the 
familial CNV. It may also be difficult to provide accurate recur-
rence risk information for reproductive decision-making if the 
contribution of the CNV to the affected patient’s phenotype 
is unclear. Parental studies should be offered in the event that 
a VUS is found in a child in order to aid in interpretation and 
significance of the CNV regardless of whether the parents have 
similar or dissimilar phenotypes. However, insurance coverage 

and justification of how this information will impact the parental 
medical management may prove to be difficult and require the 
adamant support from the health care team in order to secure 
insurance coverage. The likelihood of discovering a VUS should 
be outlined to the family as part of the pretest informed consent 
process.

Another challenge when using CMA in the CHD population 
is the “one-hit fallacy” or the notion that any specific CHD is 
caused by one particular genetic variation alone. CHD is a 
multifactorial disease caused by both environmental and genetic 
factors. The contribution of any one CNV to the overall risk for 
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CHDs is difficult to assess. While ~20% of CHDs can be attrib-
uted to a known cause (syndromic, teratogenic, etc.), the vast 
majority of CHDs is non-syndromic, isolated defects exhibiting 
a multifactorial inheritance pattern. In any one case of isolated 
CHD, there may be multiple genes involved, each providing a 
minimal contribution to the patient’s risk, interacting with 
various environmental factors to form a complex model of CHD 
development.

One area in which health care providers can aid in the interpre-
tation of a CNV is to provide accurate and thorough phenotyping 
prior to the completion of genetic testing. By performing CMA 
for a patient, a genome-wide net is cast in the hopes of finding 
an explanation for the patient’s particular phenotype. By casting 
such a wide net, results can often be complicated by overlapping 
clinical diagnoses and lack of genotype/phenotype correlations. 
CNVs must also be considered in the context of size, location, and 
gene involvement. Understanding of the clinical significance of a 
CNV involving genes that have yet to be well described or that 
have yet to be implicated in a particular phenotype can prove to 
be difficult. One example of distinguishing cardiac phenotypes 
is the presence of an atrial septal defect (ASD) and the classifica-
tion of primum vs. secundum ASD. Primum ASDs are within the 
spectrum of atrioventricular canal defects, whereas secundum 
ASDs are a malformation of the atrial septum (46). This classifica-
tion distinguishes the CHDs from a developmental perspective 
and can aid in the interpretation by narrowing focus on genes 
associated with the responsible developmental process. Accurate 
and specific phenotyping will require coordinated efforts from 
cardiologists and clinical geneticists.

The process of interpretation of CNVs is ongoing and con-
stantly evolving. As CMA continues to be performed as a first-line 
test for patients with CHDs, CNVs classified as VUS will continue 
to present challenging clinical scenarios for health care providers. 
While it is important that both the laboratory and the health care 
team work together to interpret CNVs and assign appropriate 
labels of pathogenicity, it is also important to acknowledge current 
limitations in our understanding of the human genome and the 
contribution of variation to cardiovascular disease phenotypes. 
As our knowledge continues to increase, the opportunity to 
further refine and identify novel phenotypes presents an exciting 
challenge for the cardiovascular genetics community.

THe iMPORTANCe OF GeNeTiCS CARe 
PROviDeR iNvOLveMeNT wiTH CHD

Our understanding of the association between CNVs and syn-
dromic genetic diagnoses is increasing. There are many examples 
of newly described microdeletion and microduplication condi-
tions with CHDs (47). Variable expressivity of these conditions 
and the generally small number of patients described in the 
literature can make it difficult to recognize associated features 
and make an accurate diagnosis. Even more well-described syn-
dromes, such as DiGeorge syndrome, 1p36 deletion syndrome, 
and Williams syndrome, can go undetected for many years in 
patients with mild or variable presentations. Early involvement 
of the clinical genetics team provides the opportunity for earlier 
recognition of syndromic conditions, which can result in more 

comprehensive medical interventions and therapies as well as 
improved prognosis, compared to those patients who receive a 
syndromic diagnosis later in life. There is also increasing recogni-
tion that many delineated syndromes have broader phenotypic 
variability than previously thought (34, 35, 48). Many syndromes 
may not be recognized earlier in life due to absence of the 
“classic” defining features (49). CHD, which is present at birth, 
can provide a framework for the genetics provider to begin the 
process of creating a differential for the patient due to the higher 
prevalence of certain types of CHD lesions in certain genetic 
conditions (50, 51). CMA, as a first-line genetic test, can detect 
causative CNVs for many syndromic conditions with a CHD 
component well before other hallmark features of the diagnosis 
can be recognized. When CMA is negative, additional genetic 
testing, including sequencing of genes associated with known 
conditions and/or whole-exome sequencing, may be warranted 
for patients with multi-system involvement or features suggestive 
of a particular genetic condition.

Clinical geneticists and genetic counselors serve as valuable 
resources to family members of patients with CHD. Early syndro-
mic recognition by the geneticist physician and continued follow-
up by a genetic counselor can provide valuable information to 
the family regarding the anticipation of developmental delays 
and disabilities, available therapies, and social services that might 
benefit their child. Early diagnosis can also refine recurrence risk 
estimates and allow families to make informed reproductive 
planning decisions. Genetic evaluation and risk assessment can 
prove to be a powerful tool for empowering families to use genetic 
information to make informed health decisions. A unique role of 
the genetics team is the ability to clearly communicate familial 
risk for CHDs and recommendation of family screening proto-
cols. First-degree family members with certain types of CHDs are 
at an increased risk to also have undetected CHDs. For example, 
LVOTO heart defects are understood to be a heritable class of 
defects, and family members have an increased risk of also having 
a CHD (22). Studies show that in up to 20% of cases, there is at 
least one other affected relative in the family with variability in 
type of LVOTO present. Therefore, screening by echocardiogram 
is recommended for all first-degree family members of someone 
affected with an LVOTO class of heart defect (23, 52).

An emphasis must be placed on the coordinated efforts of the 
cardiologist, clinical geneticist, and genetic counselor in the evalu-
ation, management, and follow-up with patients with CHDs and 
their family members. This same approach should be used when 
considering CMA testing and interpretation in this population. A 
multidisciplinary approach provides a comprehensive care model 
for patients and families. Genetic testing through the use of CMA, 
even in patients with apparently isolated CHDs, can aid in deline-
ation of diagnosis, accurate risk assessment for family members, 
and refinement of recurrence risk estimates for reproductive 
decision-making. Accurate phenotyping and diagnosis can 
improve patient outcomes and access to necessary evaluations, 
therapies, and social services. Genetic counseling and education 
can empower patients with CHDs and their relatives to use their 
understanding of the genetic basis of cardiovascular disease to 
in turn choose effective strategies for health maintenance and 
appropriate psychosocial coping mechanisms.
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Titin (TTN) is known as the largest sarcomeric protein that resides within the heart mus-
cle. Due to alternative splicing of TTN, the heart expresses two major isoforms (N2B 
and N2BA) that incorporate four distinct regions termed the Z-line, I-band, A-band, and 
M-line. Next-generation sequencing allows a large number of genes to be sequenced 
simultaneously and provides the opportunity to easily analyze giant genes such as TTN. 
Mutations in the TTN gene can cause cardiomyopathies, in particular dilated cardio-
myopathy (DCM). DCM is the most common form of cardiomyopathy, and it is charac-
terized by systolic dysfunction and dilation of the left ventricle. TTN truncating variants 
have been described as the most common cause of DCM, while the real impact of TTN 
missense variants in the pathogenesis of DCM is still unclear. In a recent population 
screening study, rare missense variants potentially pathogenic based on bioinformatic 
filtering represented only 12.6% of the several hundred rare TTN missense variants 
found, suggesting that missense variants are very common in TTN and are frequently 
benign. The aim of this review is to understand the clinical role of TTN mutations in DCM 
and in other cardiomyopathies. Whereas TTN truncations are common in DCM, there 
is evidence that TTN truncations are rare in the hypertrophic cardiomyopathy (HCM) 
phenotype. Furthermore, TTN mutations can also cause arrhythmogenic right ventricular 
cardiomyopathy (ARVC) with distinct clinical features and outcomes. Finally, the identifi-
cation of a rare TTN missense variant cosegregating with the restrictive cardiomyopathy 
(RCM) phenotype suggests that TTN is a novel disease-causing gene in this disease. 
Clinical diagnostic testing is currently able to analyze over 100 cardiomyopathy genes, 
including TTN; however, the size and presence of extensive genetic variation in TTN 
presents clinical challenges in determining significant disease-causing mutations. This 
review discusses the current knowledge of TTN genetic variations in cardiomyopathies 
and the impact of the diagnosis of TTN pathogenic mutations in the clinical setting.

Keywords: titin, TTN, familial cardiomyopathy, cardiovascular genetics, clinical genetics, heart failure, clinical 
diagnosis
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iNTRODUCTiON

Dilated cardiomyopathy (DCM) is defined by the presence of left 
ventricular (LV) or biventricular dilatation and systolic dysfunc-
tion in the absence of hypertension, valvular disease, or coronary 
artery disease sufficient to cause global systolic impairment 
(1). The prevalence of the disease is about 1:2,500, and DCM 
explains about half of the heart failure cases in the United States. 
About 35–40% of DCM cases are classified as “idiopathic” or 
“familial/genetic” cardiomyopathy (2). Other causes of the DCM 
phenotype are ischemic, congenital, valvular, inflammatory, or 
cardiotoxic heart disease. Finally, other rare cardiomyopathies, 
such as hypertrophic cardiomyopathy (HCM), arrhythmogenic 
right ventricular cardiomyopathy (ARVC), and restrictive cardio-
myopathy (RCM), have genetic causes.

In this setting, genetics can justify a significant proportion of 
DCM cases (up to 25%), so the disease can be classified into genetic 
and non-genetic forms (3). In DCM, the most common form of 
cardiomyopathy, more than 50 genes have been associated with 
the phenotype, usually with incomplete penetrance and variable 
expressivity, and frequently with familial transmission (2–4). 
Evidence suggests that familial DCM is inherited in an autosomal 
dominant pattern in about 90% of cases, but few cases follow an 
autosomal recessive, x-linked, or mitochondrial pattern of inher-
itance (5–7). Genes most frequently involved in the disease are 
encoding structural proteins of the sarcomere (titin and myosin 
heavy chain), cytoskeleton (desmin), nuclear membrane (lamin 
A/C), membrane proteins and ion channels (phospholamban 
and presenilin), protein of the dystrophin-glycoprotein complex 
(dystrophin and sarcoglycan), desmosomes (desmoplakin and 
desmoglein), mitochondrial proteins (frataxin), and extracellular 
matrix proteins (alpha-laminin) (8).

Titin (TTN) encodes the largest human protein, whose name 
stems from the word Titans, giants of Greek mythology. Among 
the genes involved in cardiomyopathies, TTN plays a central role 
because of its frequency and the key structural, mechanical, and 
regulatory role within the sarcomere in the striated muscle (9). The 
TTN gene consists of 364 exons, located on chromosome 2q31, 
that produces maximally a 4,200-kDa protein which is composed 
of ~38,000 amino acid residues. The size and complex structure 
of the TTN protein provides architectural support, maintaining 
the sarcomeric organization during contraction, and developing 
passive tension during muscle stretching. It also has a sensory and 
signaling role through the multiple TTN-binding proteins that are 
organized in signaling hot spots (10–12). The protein is organized 
in four structural and functional regions: the N-terminal Z-line 
(anchor to the sarcomeric Z-disk), the I-band (responsible for 
elastic properties), A-band regions (with a stabilizer role of the 
thick filament), and the C-terminal M-line extremity (overlap in 
antiparallel orientation with another C-terminal TTN molecule; 
modulation of TTN expression and turnover with the tyrosine 
kinase domain) (10).

Truncation mutations of TTN are the most frequent in DCM 
where 25% of cases are familial forms and 18% are sporadic forms 
of DCM (13). However, it remains to be confirmed that TTN 
truncating mutations are always pathogenic (3, 14). Interestingly, 
truncations in the A-band region of TTN accounts for up to 

25% of DCM cases (15). Furthermore, TTN is involved in the 
pathogenesis of other cardiomyopathies such as HCM and ARVC 
that is considered to be a genetic disease (30–50% of cases are 
familial), and RCM.

After the introduction of next-generation sequencing (NGS), 
the study of TTN gene mutations, previously difficult to analyze 
due to its size and complexity, has now allowed the identification 
of more than 60,000 TTN missense variants (reported in the 1000 
Genomes Project) (16, 17). The aim of this review is to discuss the 
challenges in diagnosing the correlation between TTN mutations 
and the different types of cardiomyopathy in the clinical setting.

MeCHANiSTiC STUDieS OF TTN

Titin is the largest human protein. Two TTN filaments with 
opposite polarity span each sarcomere, namely, the contractile 
unit in striated muscle cells. TTN is responsible for sarcomere 
passive stiffness generation (18). TTN is composed of a Z-disk 
at its N-terminus, whereas the remaining part of the molecule 
is composed of the elastic I-band region (consisting of tandem 
Ig segments of serially-linked Ig-like domains), the spring-like 
PEVK region (is composed of proline (P), glutamate (E), valine 
(V), and lysine (K)), three unique sequences of Novex1, 2, and 3, 
cardiac-specific N2B and N2A domains, a thick A-band region, 
and a M-band region embedding the C-terminus (Figures  1 
and 2) (19–21). The extensible I-band region gradually lengthens 
and develops passive tension when the sarcomere is stretched 
during diastole (15). The inextensible A-band binds myosin 
and myosin-binding protein C (MyBP-C), whereas the M-band 
contains a kinase that affects gene expression and cardiac 
remodeling (22).

The 364 exons of TTN undergo extensive alternative splicing 
to encode different isoforms. In cardiomyocytes, three different 
isoforms of titin are expressed: adult N2BA, adult N2B, and 
the fetal cardiac titin (FCT) isoforms. The I-band sequence 
defines the different proprieties of each isoform, whereas the 
Z-disk, A-band, and M-line regions are extremely conserved 
(22). The isoforms, N2BA and N2B are expressed 30–40 and 
60–70% respectively, within the TTN protein in healthy adult 
human heart. The ratio between these two isoforms is a major 
determinant of the cardiomyocyte stiffness (18). Due to the 
longer extensible I-band region, the N2BA titin isoform is 
more compliant than N2B titin (23–25). The compliant N2BA 
contains additional spring elements in the PEVK and tandem 
Ig regions and is therefore associated with low cardiomyocyte 
passive tension (25). The TTN-based passive tension is estab-
lished by the TTN expression ratio in the human heart. There 
is a strong relationship between the TTN-based passive tension 
and the size of the I-band region: the larger the elastic I-band 
region and the lower the passive tension (22). Variable isoform 
expression and TTN splicing have become of great importance 
in different cardiac diseases, including DCM, whereby the 
compliant N2BA isoform is upregulated and is associated with 
decreasing passive stiffness and increasing chamber  compliance 
(23, 24, 26, 27).

A recent study by Roberts et  al. suggested that the clinical 
significance of TTN truncating variants is largely predicated by 

83

http://www.frontiersin.org/Cardiovascular_Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Cardiovascular_Medicine/archive


FiGURe 1 | Domain structure of titin isoforms and binding sites of titin ligands. (A) N2B and N2BA titin isoforms represented in the cardiac half-sarcomere, (B) 
Domain structure of titin sequence, Q8WZ42-1, with ligand binding sites represented (from Linke and Hamdani, with permission) (60).

FiGURe 2 | Domain structure of titin isoforms. (A) The spring segment, 
(B) difference in the domain structure of different isoforms, and (C) the 
relationship of the passive tension with the sarcomere length in the different 
isoforms. FTC, fetal cardiac titin.
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the exon usage and variant location (the distance of the truncat-
ing variant from the protein N-terminus) (28). Furthermore, 
the authors compared TTN truncating variants among different 
isoforms and found TTN truncating variants altering both N2BA 
and N2B were overrepresented in DCM patients versus controls 
and more strongly associated with DCM as compared with the 
TTN truncations involving the N2BA isoform only. Conversely, 
the TTN truncations of the controls were composed of exons not 
incorporated into N2BA and N2B transcripts (28).

The TTN gene structure is organized to accommodate exten-
sive splicing events. Roberts et al. defined a percentage spliced 
in (PSI) score based on RNA sequencing data from end-stage 
DCM and donor heart in order to find the mean usage of each 
TTN exon (28). The PSI estimates the proportion of transcripts 
that incorporate a given exon. A high PSI was given to an exon 
constitutively expressed and present in all TTN isoforms, while a 
low PSI was usually present only in one isoform and had a lower 
expression. Moreover, exon symmetry was related to PSI: only  
3 exons among the 175 with PSI < 0.99 were asymmetric versus 
27% of those with PSI >  0.99. Interestingly, the authors found 
that more than 80% of all TTN exons were symmetric and that 
their exclusion would not alter the translational reading frame. 
For instance, in the I-band, the region with the lower PSI, 93% 
of alternately spliced exons were symmetric: a truncating vari-
ant in that region will fall in exons spliced out or not expressed 
in the majority of the transcripts and should not have such a 
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deleterious effect. While the stiffness of TTN is defined primarily 
by the I-band segment sequence of each isoform, it is well known 
that the cardiac passive tension can be affected by multiple post- 
translational modifications of contractile and regulatory proteins 
(29). Few studies have discovered that protein kinase phospho-
rylation significantly alters the stiffness of N2B and PEVK spring 
elements (30, 31). The N2B spring element is phosphorylated by 
PKA and PKG with a reduction in passive tension (29, 32).

The mechanisms responsible for the changes in TTN isoform 
expression are still not completely understood; however, it has 
been shown that RNA-Binding Motif Protein 20 (RBM20), a 
RNA splicing factor, plays an important role in this process and a 
reduced expression of RBM20 can alter TTN splicing and isoform 
expression in human (33) and mice (34), leading to DCM.

Therefore, the TTN-based myocardial stiffness is determined 
by the TTN isoform composition and the phosphorylation state 
of TTN’s elastic I-band. Different kinases can modify the TTN 
elasticity in different ways; indeed, it is known that changes in 
post-translational modification (in particular hypophosphoryla-
tion) plays a role in the pathophysiology of heart disease (13).

TiTiN iN THe PATHOGeNeSiS  
OF DiLATeD CARDiOMYOPATHY

Dilated cardiomyopathy is a primary myocardial disease with 
variable natural history and clinical presentation affecting young 
individuals with a potential long life expectancy. A genetic etiology 
is demonstrated in ~30% of cases (35), and the giant muscle TTN 
protein has been recognized as the major human disease-causing 
gene for DCM (9). The advances in contemporary DNA sequenc-
ing and the introduction of NGS have allowed the screening of 
TTN in large cohorts of patients with DCM and in the past few 
years have been prolific in the description of new DCM-related 
TTN mutations. A comprehensive cohort study by Herman et al. 
(16) on 312 DCM patients reported TTN truncating mutations to 
be the cause of DCM in 25 and 18% of familial DCM and sporadic 
cases, respectively. TTN truncating mutations found in subjects 
with DCM were overrepresented in the A-band region and were 
absent from the Z-disk and M-band regions. Interestingly, TTN 
truncation variants were also present in up to 2% of the control 
population, but the control subjects were less enriched for the 
A-band region of TTN including the Z-band variants. A recent 
study by Pugh et al. (36) confirmed the presence of truncating 
variants in the general population (1.65%) and demonstrated that 
truncating variants located in the A-band are more common in 
patients with DCM compared with controls. The rate of TTN 
truncating variants found by Pugh et al., in the DCM cohort was 
~14%. In addition, a reduced frequency of variants in the I-band 
was identified in probands compared with controls, whereas no 
differences were detected in the Z and M bands.

The TTN gene has also been evaluated in the European 
Atlas study of 639 patients with sporadic or familial DCM by 
NGS. Mutations in TTN were identified in 19% of familial and 
11% of sporadic cases (37). Noteworthy, 44% of patients with 
a truncating TTN variant also presented an additional known 
disease-causing variant in at least one other gene involved in 
the pathogenesis of DCM; thus in these cases, the TTN variant 

may not be the only contributor leading to the pathogenesis 
of DCM (37).

A large study recently compared the burden of rare TTN 
variants across five cohorts of healthy volunteers, participants in 
the Framingham Heart Study, participants in the Jackson Heart 
Study, cohort of unselected ambulatory patients with DCM, 
and end-stage DCM cases. The authors confirmed that TTN 
truncations were not uniformly distributed within and between 
study groups, being more common in patients with DCM (22%), 
but with a rate in the healthy volunteers ranging between 1 and 
2.9% (28). The TTN truncation variants in the DCM cohort were 
located predominantly in the A-band, as already described in 
previous studies mentioned above (16, 36).

The role of TTN truncation mutations in the pathogenesis of 
DCM has been largely recognized. However, the high prevalence 
of missense variants and the potential modifier effects make it 
difficult to elucidate the effective role of TTN missense variants 
in DCM. Some of these variants are proposed to be pathogenic, 
but other variants are of unknown significance (VUS). In order to 
address this challenge, a recent multicenter study sequenced the 
TTN gene in a cohort of 147 DCM patients (38). In this cohort, 13 
TTN truncating variants had previously been reported (16), and 
348 missense variants were filtered by bioinformatic algorithms 
resulting in 44 out of 348 (involving 37 probands) classified as 
“severe” or likely pathogenic. Among the nine families with TTN 
variants classified as “severe,” five were considered false positives 
due to discordant cosegregation analysis among affected relatives, 
whereas four families had “severe” TTN variants that cosegregated 
with the DCM phenotype. The remaining 28 probands harbored 
“severe” variants that could not be assessed by cosegregation (pos-
sibly pathogenic). Furthermore, the outcome of TTN missense 
variants carriers did not differ significantly from the other DCM 
patients (Figure  3). Interestingly, the distribution of the likely 
and possibly TTN severe missense variants across TTN domains 
was again non-random and was overrepresented in the A-band 
region of TTN. Specifically, variants were overrepresented in 
the C-zone of the A-band, which consists of a super repeat of 
11 immunoglobulin-like domains and Fn-III domains shown to 
bind to MyBP-C and subfragment myosin-1, and is essential for 
the length dependency of force development and calcium sensi-
tivity (39). Therefore, although the real impact of TTN missense 
variants in the pathogenesis of DCM is still unclear, the clustering 
of variants in the A-band in DCM may suggest that some A-band 
missense variants may have a functional detrimental effect on 
contractility and should be further investigated.

TiTiN iN OTHeR FORMS OF 
CARDiOMYOPATHY

Hypertrophic Cardiomyopathy
Hypertrophic cardiomyopathy is a common and inherited car-
diomyopathy with a prevalence of 1 in 500 (40). HCM presents as 
an unexplained LV hypertrophy, myocardial disarray, and fibrosis 
that translate in increased risk of life-threatening ventricular 
arrhythmias, sudden cardiac death, and an increased life-long 
risk of heart failure (41, 42). In the majority of cases, HCM has 
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FiGURe 3 | Long-term survival curves in TTN variant carriers. 
Kaplan–Meier event-free survival for cardiovascular death (CVD) or heart 
transplantation (HTx) based on TTN variant categories: truncations (TRUNC); 
“likely” and “possibly” missense variants; non-carriers (NC), and “unlikely” 
with lack of cosegregation. TTN indicates titin gene (from Begay et al., with 
permission) (38).
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an autosomal dominant trait and mutations in at least 11 differ-
ent genes. These genes encode for sarcomeric proteins that are 
responsible for 50–65% of familial cases (9). While TTN trunca-
tion mutations are common in DCM, there is evidence that TTN 
truncations are rare in the HCM phenotype, with a frequency 
similar to control populations (16). Using high-throughout 
sequencing in 142 HCM probands, Lopes et  al. found 219 
TTN rare variants with 209 being novel missense variants (43). 
However, this cohort of individuals potentially had a sarcomeric 
gene mutation that likely caused HCM, and the actual pathogenic 
role of these TTN variants in unknown.

Restrictive Cardiomyopathy
Restrictive cardiomyopathy is a very rare form of cardiomyopathy, 
characterized by preserved biventricular systolic function and a 
restrictive physiology determining an impaired LV filling despite 
normal cavity size and frequently normal wall thickness. RCM can 
be secondary to idiopathic or system disease. It is believed that a 
significant proportion of RCM cases are genetically determined 
(42). The pattern of inheritance can be autosomal dominant, 
autosomal recessive, or x-linked (44). The overall prognosis of 
RCM is poor, usually resulting in progressive biventricular heart 
failure with a high mortality rate in the absence of heart trans-
plantation. Interestingly, RCM overlaps in clinical features with 
HCM (42). Recently, a study using linkage analysis that reported 
a TTN missense variant (TTN: c.22862A>G) cosegregating with 
RCM in six affected individuals of a family. The most common 

genes were excluded due to lack of complete cosegregation. 
Interestingly, some healthy individuals also harbored the TTN 
missense variant resulting in an incomplete penetrance (44). The 
identification of a rare missense variant in TTN cosegregating 
with the RCM disease phenotype suggests that TTN is a novel 
disease-causing gene for RCM.

Arrhythmogenic Right ventricular 
Cardiomyopathy
Arrhythmogenic right ventricular cardiomyopathy is considered 
to be a genetic disease (30–50% of cases) mainly with autosomal 
dominant pattern of inheritance (45). ARVC is characterized by 
fibrofatty replacement of the myocardium, predominantly of the 
right ventricle, although the left ventricle can also be involved. 
Typical symptoms include palpitations, cardiac syncope, and 
cardiac arrest due to ventricular arrhythmias. Heart failure may 
develop later in life as a result of this disease (46). One study 
by Taylor et  al. in which the investigators analyzed by direct 
sequencing of 312 exons of TTN (311 expressing TTN protein) 
found TTN mutations to be associated with the ARVC phenotype 
(47). Among seven different probands with an ARVC phenotype, 
eight TTN rare variants (two TTN variants present in one 
proband) were identified (47). In addition to this study, another 
investigation by Brun et  al. compared the clinical outcomes of 
ARVC patients with TTN mutations, desmosomal mutations, 
and patients with no identifiable mutation (non-carriers) (45). 
In this study, 13% of TTN rare variants were accounted for in 
their population of subjects. Among the 67 ARVC affected 
patients (39 ARVC families), 11 harbored rare TTN variants and 
8 desmosomal genes variants. The TTN carriers had increased 
supraventricular arrhythmias, and conduction disease compared 
with non-carriers (45), while desmosomal gene variant carriers 
had the worse prognosis. In conclusion, these studies suggest that 
TTN mutations can cause ARVC and TTN mutation carriers have 
distinct clinical features and outcomes.

TiTiN AS A GeNe MODiFieR

TTN variants are very frequent; of them, pathogenic mutations are 
relatively rare and most variants are probably benign. However, 
a portion of these variants could have a modifier gene effect. For 
instance, TTN has been proposed as a modifier gene in combina-
tion with the Lamin A/C (LMNA) gene (48, 49). A modifier gene 
is not the causal gene, but it may affect the phenotypic expression 
(50). In a study by Roncarati et al., the authors reported a TTN 
missense mutation modifying the DCM phenotype primarily 
caused by a LMNA mutation. The authors analyzed 41 Italian 
patients using whole exome sequencing (WES). Fourteen indi-
viduals harbored LMNA: c.656A>C mutation, and of those five 
also carried a novel TTN missense mutation (TTN: c.14563C>T) 
as well (48). LMNA gene mutations are known to be causative of a 
specific phenotype expression of DCM (51). According to Taylor 
et al., patients carrying a LMNA mutation show a poor prognosis 
and experience high event-rates compared with non-carriers of 
a LMNA mutation (52). Upholding the structure of the nucleus, 
chromatin arrangement, and gene expression is encoded by the 
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LMNA gene for the A-type lamins (53). In a study by Roncarati 
et al., the presence of the TTN variant and the LMNA mutation 
carriers modified DCM patients’ clinical course and disease 
severity, with double heterozygotes requiring earlier heart trans-
plantation (four individuals) compared with those only harbor-
ing the LMNA mutation alone. Furthermore, histological studies 
showed more evidence that double heterozygote individuals had 
worse outcomes on a cellular level (48). In conclusion, this study 
suggests a modifier role of TTN variants that contribute to the 
complexity of the DCM phenotype.

CLiNiCAL ASSeSSMeNT 
OF TiTiN vARiANTS

Titin has been known to be cause a DCM phenotype for many 
years; however, the systematic analysis and the complete mean-
ing of its contribution to DCM have been precluded by its giant 
size and sequencing technical limitations (54). As discussed 
earlier, using NGS, Herman et  al. found that heterozygous 
mutations truncating the full-length TTN are the most com-
mon causes of DCM; occurring in ~25% of familial cases of 
DCM and 18% of sporadic cases. However, TTN truncating 
variants were also found in ~2% of healthy controls (16, 55), 
raising concern about the correct clinical interpretations of 
TTN variants. The finding of a TTN truncating variant in a 
patient before the onset of clinical manifestation of disease 
thus requires further in-depth analysis to support pathogenicity 
(9). Additional factors, such as band location and PSI score, 
might help to differentiate pathogenic truncation mutations 
from benign variants (28, 36). This is of particular importance 
considering that most DCM patients present late in the course 
of the disease (advanced disease presenting with heart failure 
or sudden cardiac death), while the early detection of asymp-
tomatic DCM might be critical to enable early intervention 
that may prevent the progression to advanced disease (56). 
Moreover, TTN truncation variants may be found in association 
with other disease-related genes, increasing the concerns about 
the actual role of some TTN mutations (37).

Analysis of a large number of genes has led to the identification 
of sequence VUS. These VUS are one of the main challenges of 
NGS, because cardiologists and clinical geneticists are faced with 
uncertainty of the clinical meaning of VUS findings (57).

To date indeed, a large number of identified TTN truncating 
variants are still classified as VUS, and the high prevalence of 
missense variants in TTN, and their potential modifier roles 
make interpretation difficult in both research and the clinical 
settings. The location of TTN truncating variants can contribute 
to a better definition of genetic findings, because as already 
mentioned, TTN truncating variants associated with DCM are 
located predominantly in the A-band (16, 38). The availability 
of multiple family members to test for cosegregation with 
disease, the absence in population databases (ClinVar, ExAC, 
1000 Genomes Project, and NHLBI Exome Sequencing Project), 
prediction software (PolyPhen, SIFT, GERP), and functional data 
also add in the understanding of classifying the pathogenicity of 
TTN variants (9). Most importantly, NGS has to be considered 

a diagnostic test in development and testing results need to be 
interpreted cautiously in close collaboration between bioformati-
cians, cardiologists, molecular biologists, and clinical geneticists 
preferably in expert centers. Many novel variants identified by 
NGS and classified as VUS present as an inconclusive test result, 
pending further evidence (57).

Once the pathogenic effect has been defined, another concern 
is the variability in phenotype expression based on the presence 
and type of TTN mutation variants. Roberts et  al. found more 
severe impaired LV function, lower stroke volume, and thinner 
LV walls in TTN truncating than in TTN truncating negative 
DCM patients (Figure 4) (28). In this cohort, the TTN genotype 
independently predicted phenotype severity. Furthermore, TTN 
truncating positive patients more frequently suffer from sustained 
ventricular tachycardia (28). In the future, if larger prospective 
studies confirm these findings, TTN mutations might influence 
the decision-making process for the selection of candidates to 
an implantable cardioverter defibrillator (ICD) implantation, 
such as in other cardiomyopathies at high risk of life-threatening 
arrhythmias (58).

Mutations in TTN and other proteins affecting TTN splicing 
are associated with the development of DCM, but these mecha-
nisms are still not completely understood (59). Variable isoform 
expression and TTN splicing have become of great importance 
in DCM, and are associated with decreasing passive stiffness and 
increasing chamber compliance (26). Both mechanisms might be 
important in the process of DCM in connection to TTN muta-
tions. By genetic approaches or by splicing or posttranslational 
modifications TTN appears to be a target for future therapeutic 
interventions (9).

Regarding the universe of TTN missense variants, the situ-
ation is even more challenging because TTN missense variants 
are very common and their real meaning is still unknown. 
A recent study demonstrated that missense variants did not 
correlate with the clinical measures of disease severity or 
progression and indicated that the DCM phenotype caused 
by TTN missense variants are not distinguishable from other 
types of DCM (Figure  3). According to the authors, TTN 
rare missense mutations should not be currently interpreted 
as disease-causing in most situations (38). Nevertheless, there 
is some interesting evidence that TTN missense mutations may 
have a modifier role leading to a greater severity of cardio-
myopathy (17, 48). In the future, a better understanding of 
the TTN missense variants in DCM will be elucidated with 
large-scale TTN sequencing and functional investigations on 
TTN variant domains.

Finally, despite the recent advances in genetic studies and in the 
understanding of the different effects of specific gene mutations 
in the pathogenesis of DCM, the clinical approach to diagnosing 
cardiomyopathy affected families remains largely based on the 
general recommendations for heart failure management, familiar 
screening programs, and systematic follow-up. The continuous 
improvement in technologies, such as the increasing evidence 
concerning the clinical expression of different gene variants 
might lead in the future to an individualized clinical approach to 
identifying carriers of different mutations.
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FiGURe 4 | Survival of TTN truncation carriers. Patients carriers of a TTN truncation variant (TTNtv) had a worse clinical outcome when considering the age of 
adverse event (death, cardiac transplant or left ventricular assisted device) (P = 0.015). They also had a worse clinical outcome when considering the time of event 
from enrollment (from Roberts et al., with permission) (28).
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CONCLUSiON

Titin is the largest protein in striated muscle. TTN variants 
have been shown to cause the following cardiac diseases: 
DCM, RCM, HCM, and ARVC. The advancement of NGS has 
allowed researchers to analyze the whole TTN gene, which has 
revealed the leading role of this gene in DCM. Challenges are 
the high genetic variability of the gene, the large number of 
missense and truncation variants found in control populations, 
and the criteria for clinical diagnosis of many variants demand 
individualized clinical diagnosis platforms for TTN carriers. 
Future studies will clarify whether the early identification of 
TTN-related cardiomyopathies might positively influence the 
natural history of disease by the early initiation of therapeutic 
management.
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High-throughput biochemical profiling has led to a requirement for advanced data inter-
pretation techniques capable of integrating the analysis of gene, protein, and metabolic 
profiles to shed light on genotype–phenotype relationships. Herein, we consider the 
current state of knowledge of endothelial cell (EC) metabolism and its connections to 
cardiovascular disease (CVD) and explore the use of genome-scale metabolic models 
(GEMs) for integrating metabolic and genomic data. GEMs combine gene expression 
and metabolic data acting as frameworks for their analysis and, ultimately, afford mecha-
nistic understanding of how genetic variation impacts metabolism. We demonstrate how 
GEMs can be used to investigate CVD-related genetic variation, drug resistance mech-
anisms, and novel metabolic pathways in ECs. The application of GEMs in personalized 
medicine is also highlighted. Particularly, we focus on the potential of GEMs to identify 
metabolic biomarkers of endothelial dysfunction and to discover methods of stratifying 
treatments for CVDs based on individual genetic markers. Recent advances in systems 
biology methodology, and how these methodologies can be applied to understand EC 
metabolism in both health and disease, are thus highlighted.

Keywords: endothelium, metabolism, personalized/precision medicine, metabolomics, metabolic modeling, 
genetics

inTRODUCTiOn

Cardiovascular disease (CVD) includes acute and chronic conditions, such as stroke and coronary 
heart disease (1). CVD results in a shortened life span and is the biggest cause of death worldwide 
(1–3). The endothelium is the single cell layer that lines blood vessels and lymphatic system and its 
dysfunction contributes to the development of CVD (4, 5). Endothelial cells (ECs) play an important 
role in controlling vascular tone and by secreting or expressing surface molecules, they ensure appro-
priate regulation of blood flow, counteracting intravascular activation of platelets, and coagulation 
(6, 7). Moreover, cardiac ECs have been shown to affect the ventricular myocardium. Thus, the 
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FiGURe 1 | endothelial metabolism and its links to cellular damage, 
function, and proliferation control. Metabolism, including glycolysis, 
pentose phosphate pathway, TCA cycle, fatty acid oxidation, and nitric oxide 
synthase are represented in red. Useful products of metabolism, NO, ATP, 
and Ca2+ signaling are shown in green. Damaging side products of 
metabolism are shown in yellow.
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force-frequency response of cardiac muscle in the presence of 
increased cardiac workload is blunted after damage to the cardiac 
endothelium (8).

A vascular surface that normally is thromboresistant, anti-
inflammatory, vasodilatory, and antiproliferative can turn into a 
surface that is thrombogenic, proinflammatory, vasoconstricive, 
and stimulatory of smooth muscle cell proliferation. Often this 
change is reactive and transient restoring vascular homeostasis. 
However, in diseases such as atherosclerosis, hypertension, and 
diabetes mellitus (DM) such changes, known as endothelial dys-
function, may be prolonged and critical for disease progression. 
The extent of pathological metabolic perturbation is determined 
by an interaction of lifestyle factors, such as diet and exercise with 
underlying genetic factors (9–12). Consequently, health-care 
interventions may be more effective if adapted to an individual.

Metabolic modeling offers insights into cellular metabolism 
(13). Below, we consider endothelial metabolic alterations, their 
contribution to endothelial dysfunction, and integrated analysis 
of this information with genome-scale metabolic models (GEMs) 
to advance personalized health care.

enDOTHeLiAL MeTABOLiSM

Endothelial cell metabolism has been investigated in multiple 
contexts including angiogenesis, hypoxia, shear stress, glycemia, 
and response to perturbations with mediators of vascular health 
including thrombin, sphingosine-1-phosphate, and more (14–19). 
The endothelium operates with variable nutrient availability and 
oxygen partial pressures in a manner that is EC subtype specific 
(20) and results in altered synergy in the oxidation of its core 
nutrients glucose, fatty acids, and amino acids (17, 21–23) that 
are reviewed specifically elsewhere (24, 25) but considered col-
lectively here and illustrated in Figure 1.

Glycolysis Affects endothelial Proliferation 
and Angiogenesis
Endothelial cells oxidize glucose largely by glycolysis, allowing 
maximal availability of oxygen for transendothelial transport to 
perivascular cells (26–29). Carbons from glucose are primar-
ily excreted as lactate with only 1 in 200 pyruvate equivalents 
contributing to oxidative phosphorylation (26). Laminar shear 
stress, the frictional force created by blood flow, promotes anti-
inflammatory, anti-thrombotic, and anti-oxidative properties in 
ECs and helps to maintain quiescence largely via the transcription 
factor Kruppel-like factor 2 (30) that acts to repress phosphof-
ructokinase-2/fructose-2,6-bisphosphatase-3 (PFKFB3) thereby 
promoting a quiescent phenotype (16).

In response to angiogenic factors induced by injury or in 
pathological conditions such as hypoxia, nutrient deprivation, or 
tissue damage, ECs quickly form new vasculature by sprouting. 
During vessel sprouting, glycolysis is increased further, medi-
ated by increased activity of PFKFB3, the loss of which impairs 
vessel formation (26). Increased glycolysis without oxidation of 
pyruvate relies on lactate dehydrogenase to supply NAD+, and 
the activity of PFKFB3 is reflected in both intracellular and 
secreted lactate of ECs (31). Furthermore, lactate is involved in 

PFKFB3-mediated endothelial proliferation, tube formation, and 
Akt activation providing a plausible explanation for PFKFB3-
mediated angiogenesis (31). Lactate dehydrogenase activity 
also increases with EC subtype proliferation rate. In pulmonary 
microvascular ECs, rapid angiogenesis is dependent on lactate 
dehydrogenase A expression (14).

Endothelial-dependent vascular function correlates with 
blood glucose levels (32–37). In hyperglycemia, glyceraldehyde-
3-phosphate dehydrogenase is inactivated, impeding gly-
colysis (38). A build-up of fructose-6-phosphate, a glycolytic 
intermediate, impacts hexosamine biosynthesis generating 
N-acetylglucosamine that glycosylates and modifies angiogenic 
proteins including Notch and vascular endothelial growth factor 
receptor 2 (39–45) and, inhibits eNOS (46). Excess glucose also 
enters the polyol pathway, producing excess advanced glycation 
end products (AGEs) (47, 48). AGEs alter the binding of eryth-
rocytes and platelets to the endothelium (49, 50), and clinical 
arterial responsiveness correlates negatively with the ratio of 
AGEs to soluble receptor of AGEs (51).

Fatty Acid and Amino Acids Metabolism
Fatty acid-binding protein 4 (FABP4) is an intracellular fatty 
acid chaperone protein that impacts the peroxisome proliferator-
activated receptor transcription pathway (52). Circulating levels 
of FABP4 are associated with endothelial dysfunction in DM 
patients (53) and increased risk of atherosclerosis and cerebro-
vascular malformations (54, 55).

Fatty acid oxidation (FAO) accounts for roughly 14% of ATP 
production in cultured EC (22). Carnitine palmitoyl transferase 
(CPT1A), a long-chain fatty acid shuttle protein regulated by 
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AMP-activated protein kinase, is a key point of FAO regulation 
(22, 56, 57). Palmitate has been shown to contribute carbons 
to nucleotide formation via the tricarboxylic acid (TCA) cycle. 
When CPT1A was knocked down in vitro, vessel sprouting was 
impaired due to low levels of deoxy ribonucleotides. CPT1A 
knockdown in mice produced impaired retinal vessel formation 
(58).

In addition to glucose and fatty acids, amino acids contribute 
to EC metabolism and function (59). Specifically glutamine 
fuels anaplerotic reactions via the TCA cycle (23, 29, 60). 
Internalization of glutamine occurs via solute carrier family 1 
member 5 (23, 29), and inhibition of glutaminase causes prema-
ture senescence and reduced proliferation in ECs (61). The most 
intensely investigated amino acid with respect to endothelial 
dysfunction is, however, arginine in the context of its conversion 
to the vasorelaxant nitric oxide (NO) by endothelial nitric oxide 
synthase (eNOS).

endothelial nitric Oxide is important to 
vascular Function and its Production is 
Affected by Genetic and Metabolic 
Factors
In addition to causing vasorelaxation, NO affects smooth 
muscle cell proliferation, aggregation and adhesion of platelets 
and leukocytes, important processes to atherosclerosis and 
other CVD (62, 63). When eNOS has insufficient arginine, a 
result of competition with arginase, and/or lacks the cofactor 
tetrahydrobiopterin, it produces reactive oxygen species (ROS) 
instead of the products NO and citrulline  –  in a pathological 
state known as uncoupling (64–71). Furthermore, the pressure of 
O2

−  causes rapid inactivation of endothelium-derived NO (72). 
Indeed, arginase and eNOS activities and genotypes in addition 
to tetrahydrobiopterin levels have all been linked to endothelial 
function (73–76).

Altered NOS activity due to inhibition by asymmetric 
dimethylarginine (ADMA) encourages NOS uncoupling leading 
to endothelial dysfunction. ADMA levels, and the ratio of ADMA 
to arginine, have been connected to several aspects of CVD risk 
(77–80).

Genetic variation in eNOS affects some measures of 
recovery of blood flow control in acute myocardial infarc-
tion (73). Inhibiting arginase activity, which reduces eNOS 
uncoupling, is helpful in restoring endothelial function in 
both coronary artery disease and after ischemia–reperfusion 
injury (64, 65). Genetic variation in NOS1 has also been 
linked with CVD in various studies (75, 76). Furthermore, 
the ROS scavenger methionine sulfoxide reductase A, impor-
tant to reducing the effect of uncoupled NOS and other ROS, 
is affected by genetic variation relevant to coronary artery 
disease risk (81, 82).

Interestingly, the extracellular presence of certain amino 
acids  –  ornithine, l-lysine, l-homoarginine, l-glutamine, 
l-leucine, or l-serine – decreases NO and increases endothelium-
dependent vascular resistance. This effect is reversible by adding 
arginine to the medium and was shown to be dependent on y+L 
and y+ family amino acid transporters (83).

DeCODinG enDOTHeLiAL MeTABOLiSM 
AnD FUnCTiOn THROUGH 
COMPUTATiOnAL MODeLinG

The previous section highlights the complexity of the contribu-
tion of metabolism to endothelial dysfunction. Importantly, some 
of the most common human metabolic gene alterations impact 
enzymes that are of importance to endothelial metabolic pheno-
types. These include pyruvate kinase and (84) glucose-6-phosphate 
dehydrogenase, which alters CVD risk (85), in addition to those 
already mentioned above. The variability of the effect of these 
mutations on cardiovascular phenotypes highlights the problem 
of untangling complex genetic diseases (12). This complexity is 
aggravated by lifestyle choices that impact the expression and 
activity of these genes (9, 86–89). How altered gene expression 
and the environment combine to advance CVD can, however, 
be explored on the metabolic level, through metabolic systems 
analysis using genome-scale models of endothelial metabolism. 
For CVD research, genome-scale modeling promises to contrib-
ute to the definition of endothelial metabolism under different 
physiological conditions, allow the differentiation of individual 
endothelial metabolic phenotypes that can be related to CVD 
states and ultimately contribute to individualized therapy. In the 
following sections, we explain the concept of GEMs, their current 
and potential applications toward increasing the understanding 
of endothelial metabolism, and how this could lead to novel 
discoveries to combat CVD on the individual level.

GeMs Provide Snapshots of Metabolism
Genome-scale metabolic models are computational models 
that can be used to describe and investigate the metabolic flux 
phenotype of a cell based on disparate biochemical information. 
GEMs are built from biochemical component knowledge-
bases, also termed biochemical network reconstructions (90). 
Reconstructions are organism specific and account for genetic, 
and biochemical components, and their interactions, based on 
annotated biological information sourced from literature. All 
metabolic reactions and metabolites contained within a recon-
struction can be represented as a numerical matrix, which is 
comprised of the stoichiometric factors of reactants and products 
of each metabolic reaction. In this format, the metabolome is sub-
ject to computational research allowing metabolic reaction flux 
at steady state through metabolic pathways to be computed (91).

Genome-scale metabolic reconstructions aim to account for 
as many as possible biochemical interactions that have been 
described in an organism (e.g., a human). While reconstruc-
tions afford a mechanistic description of genotype–phenotype 
relationships, they are not context specific. However, when 
constrained with cell or context-specific data, for example gene 
expression information of ECs, reconstructions afford GEMs that 
are descriptive of the biological event and cell of interest. Gene 
expression data of a HUVEC cells at normoxia vs. hypoxia would 
for instance generate two GEMs based on the same reconstruc-
tion thereby providing two snapshots descriptive of metabolic 
flux through reactions as defined by the two expression datasets. 
Essentially, reconstructions define the biochemical components 
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of an organism, while context-specific polyomic data are required 
to generate a GEM of a particular cell or cellular event. Genomic, 
proteomic, and/or metabolomic fingerprints can thus be analyzed 
and compared within the context of GEMs (92).

The methodology of building, curating, and analyzing recon-
structions and GEMs is commonly referred to as constraint-
based analysis. Various software has been developed to facilitate 
constraint-based analysis including the COBRA and RAVEN 
toolbox’s for Matlab, Merlin and CORDA (93–96). Detailed 
protocols describing the necessary stages of building and curation 
are established (90, 97–99). Ultimately, constraint-based analysis 
of GEMs allows holistic exploration of metabolic phenotypes 
in silico and affords realistic hypotheses of biochemical mecha-
nisms (92). In the past 5  years, multiple applications of GEMs 
descriptive of human metabolism have materialized that may 
contribute to the understanding of how genetic and environ-
mental factors collectively contribute to CVD disease phenotypes 
when applied to endothelial metabolic research.

GeMs Differentiate between Metabolic 
Phenotypes
In the context of CVD, GEMs that are descriptive of healthy 
and CVD endothelial metabolism can be produced. As recently 
reviewed in Väremo et al. (100), GEMs of various tissues have 
been built and applied to the investigation of CVD-related 
disorders, including DM and metabolic syndrome, although not 
yet endothelium (101–104). Transcriptional changes in cardio-
myocytes of DM patients have been analyzed using the myocyte-
specific GEM, iMyocyte2419, revealing deregulation of metabolic 
pathways ultimately linked to dihydro-lipoamide dehydrogenase, 
a unique characteristic of myocyte response in DM (101).

Genome-scale metabolic models serve as a biomarker discov-
ery tool, and a tool to discover potentially “druggable” metabolic 
(105). Computational techniques exist that predict the pathways 
likely to be responsible for differences between two metabolic 
states, identifying these differences allows reactions, linked to 
genes in a GEM, to be selected as drug targets, for example in 
hepatocellular carcinoma and Alzheimer’s, or metabolites to be 
identified as potential biomarkers for example for drug resistance 
in ovarian cancer (100, 106–108). Changes due in FAO in ECs 
leading to alterations in EC permeability – clinically important 
to sepsis – have been detected using a GEM. Altering FAO using 
drugs was shown to alter permeability, which may be clinically 
useful (109), future discoveries of this type may be linked to NO 
synthesis or clotting factor production useful for modulating 
CVD risk factors.

GeMs Can Define endothelial Metabolism
Genome-scale metabolic models that are descriptive of core 
endothelial metabolism have already been produced. Patella 
et al recently used endothelial proteomic data to constrain the 
human reconstruction, Recon 1 (110), to generate a GEM that 
describes EC cell core metabolism during tube formation in 
matrigel (109). FAO was identified as an area of metabolism that 
is altered during tube formation. CPT1A inhibition affects ATP 
production via the TCA cycle and oxidative phosphorylation. 

Downstream, this alters Ca2+ signaling and junctional proteins 
via phospho-signaling to alter endothelial permeability, which 
were partially reversed by pyruvate supplementation (109). 
Automated GEMs have also been generated for colon and cer-
ebral cortex ECs (111), though these models were not applied to 
CVD research.

Although automatically generated GEMs of EC metabolism 
have been used to reveal basal endothelial metabolic pathway 
usage, further curation and validation of EC GEMs would be 
beneficial. Investigations of vascular endothelial metabolism 
in different conditions and with different genetic backgrounds 
could be achieved, allowing genetic variation outside the context 
of core energy metabolism to be queried. For example, due to 
the inherent connectivity of metabolic reactions within GEMs, 
alterations in the release of sphingosine-1-P (a sphingolipid 
involved in vascular and immune signaling pathways) from ECs 
could be hypothesized and related to alterations in core energy 
metabolism induced by global metabolic expression profiles. 
The release of sphingosine-1-P from ECs and its contribution to 
individual vascular health could thus be proposed on biochemi-
cal alterations on the systems level as opposed to mutations in 
sphingosine kinase alone.

GeMs Can Be Personalized to Account for 
individual Genetic variation
Computational modeling can contribute to decisions regarding 
the suitability of a treatment for individual patients. GEMs could 
be produced for individuals based on genomics and subsequently 
used to stratify patients and personalize medical interventions 
for CVD. GEMs maybe based on generalized transcriptomic data 
from a pool of samples from a cell type (112) or a set of models 
may be created from individual samples and comparing the 
metabolic phenotypes predicted by each, allowing links between 
metabolism and broader phenotype, such as drug resistance in 
cancer cells, to be explored and may lead to insights about predic-
tive biomarkers and druggable targets (108, 113, 114). Various 
algorithms for selecting active reactions for context-specific 
models based on transcriptomic and proteomic data are avail-
able including INIT and iMAT. These approaches have differing 
strengths and weaknesses that have been described and compared 
elsewhere (98).

Individualized hepatocellular carcinoma models have been 
used to predict patient outcomes based on the predicted produc-
tion of acetate, identified as a key metabolic pathway for survival 
(114). Twenty-four individualized GEMs of erythrocytes were 
created based on genetic and metabolic data. These captured 
altered dynamics of erythrocyte metabolism and allowed the 
identification of individuals at risk to drug-induced anemia based 
upon their genomic sequence (115). These examples highlight a 
potential workflow, exemplified in Figure 2, to contribute to the 
personalization and stratification of medical treatments in the 
clinic. In the future, it is envisioned that an EC GEM could be 
used in a similar fashion by comparing GEMs CVD patients and 
healthy individuals to identify key metabolic changes to CVD 
for example those that increase production of atherosclerotic 
plaques.
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FiGURe 2 | workflow of GeM construction and contribution to 
developing new strategies for the clinic. Biochemical data from cell 
culture and clinical studies are combined to form a comprehensive metabolic 
reconstruction, which is constrained to form a context-specific GEM and 
produce biologically well-founded predictions that will suggest future clinical 
interventions.
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COnCLUSiOn

Developing personalized CVD therapeutic interventions relies 
on the ability to account for genotypic and phenotypic variation. 
Variability in disease phenotypes can be captured and understood 
in the context of GEM’s to facilitate this process.

Genome-scale metabolic models provide an integrated 
approach in studying EC metabolism. They allow analysis of the 
multiple factors affecting ECs in the body, facilitating the explo-
ration of the relationship of genotype to metabolic phenotype. 
This offers the possibility of producing personalized predictions 
of CVD risk and treatment, that account for both genetic and 
lifestyle factors. Currently, GEMs are the only biochemical model 
type that can account for both of these factors within a predictive 
modeling framework (92).

Genome-scale metabolic models are only one type of model 
used to account for EC function. Focused and mechanistic 

computational models of various aspects of vascular biology 
have also been made. These address some important biophysical 
parameters that are currently outside the scope of GEM modeling. 
This includes assessing the effects of shear stress on blood vessel 
reactivity and growth as well as the effects on blood cell/endothe-
lium interactions of flow (116–122). Models describing the effects 
of circulation on endothelial metabolites have also been built 
(123). Endothelial NO interactions (124–126), Ca2+ signaling 
(127) along with protein (128) and mechanical (119) signaling 
have also been addressed with computational modeling. Models 
have been individualized using patient data and have explored the 
effects of stenting on blood flow (129–132).

Integrating biophysical and signaling parameters with GEMs 
would generate a more complete understanding of the role of 
endothelial metabolism for CVD. In addition, these future GEMs 
would allow retrospective analysis of biophysical and genomic 
data that have been generated in the last few decades from popu-
lation studies (86, 133), whose analysis is currently confined to 
multivariate statistical and comparative analysis techniques for 
the identification of CVD risk factors. Such an effort could allow, 
for example, in silico querying of the effect of LDL deposition on 
global endothelial metabolism. Indeed, computational analysis 
of LDL metabolism has already proposed novel approaches to 
combat CVD (134–136).

Realistic computational predictions of the effects of genetic 
and environmental perturbations on endothelial metabolism 
are possible and beneficial. There has been some exploration of 
CVD with GEMs and analysis of EC metabolism with GEMs; 
however, the full potential of this technique is only just begin-
ning to be explored. Existing and future models will allow 
clinicians and researchers to investigate variable endothelial 
function in  silico in a data-driven manner, to optimize future 
clinical interventions.
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The development of high-throughput technologies such as next-generation sequencing 
(NGS) has allowed for thousands of DNA loci to be interrogated simultaneously in a fast 
and economical method for the detection of clinically deleterious variants. Whenever 
a clinical diagnosis is known, a targeted NGS approach involving the use of disease-
specific gene panels can be employed. This approach is often valuable as it allows for 
a more specific and clinically relevant interpretation of results. Here, we describe the 
customization, validation, and utilization of a commercially available targeted enrichment 
platform for the scalability of clinical diagnostic cardiovascular genetic tests, including 
the design of the gene panels, the technical parameters for the quality assurance 
and quality control, the customization of the bioinformatics pipeline, and the post-
bioinformatics analysis procedures. Regions of poor base coverage were detected and 
targeted by Sanger sequencing as needed. All panels were successfully validated using 
genotype-known DNA samples either commercially available or from research subjects 
previously tested in outside clinical laboratories. In our experience, utilizing several of 
the sub-panels in a clinical setting with 33 real-life cardiovascular patients, we found 
that 20% of tests requested were reported to have at least one pathogenic or likely 
pathogenic variant that could explain the patient phenotype. For each of these patients, 
the positive results may aid the clinical team and the patients in best developing a 
disease management plan and in identifying relatives at risk.

Keywords: next-generation sequencing, sequencing panels, cardiovascular, panel validation, clinical sequencing

inTrODUcTiOn

In the clinical genetics setting, most deleterious DNA variants can be detected by DNA sequencing. 
The development of high-throughput technologies such as next-generation sequencing (NGS) has 
allowed for thousands of target regions to be interrogated in a fast and economical approach, when 
compared to the more traditional technique of Sanger sequencing. Different NGS approaches such 
as whole-genome sequencing (WGS) and whole-exome sequencing (WES) have been employed 
especially for gene discovery. In particular, WGS and WES can be used as clinical testing modalities 
when a clinical diagnosis cannot be unequivocally established or for genetic disorders for which 
no other established clinical testing is available. However, when a clinical diagnosis has been 
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TaBle 1 | cardiovascular genetics next-generation sequencing (ngs) panel gene content.

ngs sub-panel number of genes genes covered

Comprehensive cardiomyopathy (CMP) and reflex 
CMP

61 ABCC9, ACTC1, ACTN2, ANKRD1, BAG3, CASQ2, CAV3, CRYAB, CSRP3, CTNNA3, 
DES, DMD, DSC2, DSG2, DSP, DTNA, EMD, EYA4, FHL1, FHL2, FKTN, GATAD1, GLA, 
JPH2, JUP, KLF10, LAMA4, LAMP2, LDB3, LMNA, MYBPC3, MYH6, MYH7, MYL2, 
MYL3, MYLK2, MYOZ2, NEBL, NEXN, PDLIM3, PKP2, PLN, PRKAG2, PSEN1, PSEN2, 
RAF1, RBM20, RYR2, SCN5A, SGCD, TAZ, TCAP, TMEM43, TMPO, TNNC1, TNNI3, 
TNNT2, TPM1, TTN, TTR, VCL

Hypertrophic cardiomyopathy 18 ACTC1, ACTN2, CSRP3, GLA, LAMP2, MYBPC3, MYH7, MYL2, MYL3, MYOZ2, NEXN, 
PLN, PRKAG2, TNNC1, TNNI3, TNNT2, TPM1, TTR

Dilated cardiomyopathy 33 ABCC9, ACTC1, ACTN2, ANKRD1, BAG3, CRYAB, CSRP3, DES, DMD, DTNA, EMD, 
EYA4, GATAD1, LAMP2, LDB3, LMNA, MYBPC3, MYH7, NEXN, PLN, RAF1, RBM20, 
SCN5A, SGCD, TAZ, TCAP, TNNC1, TNNI3, TNNT2, TPM1, TTN, TTR, VCL

Arrythmogenic right ventricular cardiomyopathy 8 CTNNA3, DSC2, DSG2, DSP, JUP, LMNA, PKP2, TMEM43

Marfan syndrome and Loeys–Dietz syndrome 3 FBN1, TGFBR1, TGFBR2

Thoracic aortic aneurysms and dissections (TAAD) 
and reflex TAAD

18 ACTA2, CBS, COL3A1, COL5A1, COL5A2, ELN, FBN1, FBN2, MED12, MYH11, MYLK, 
PLOD1, SLC2A10, SMAD3, SMAD4, TGFB2, TGFBR1, TGFBR2
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reached, a more targeted NGS approach involving the use of 
comprehensive disease-specific gene panels can be employed. In 
the clinical setting for example, gene panels may be designed 
to target genes associated with a disease or a group of related 
diseases depending on the level of complexity of clinical and 
phenotypic overlap. This approach is often valuable as it allows 
for a more specific and clinically relevant interpretation of 
results with variants in genomic loci a  priori selected for their 
disease association. Additionally, when compared to WGS and 
WES, gene panels have the practical benefit of having more 
robust sequence coverage of target loci, lower cost, and faster 
turnaround time (1, 2).

Here, we describe the customization, clinical validation, 
and utilization of a commercial NGS panel, the TruSight One 
(TSO) panel developed by Illumina, Inc., which targets the 
coding regions of 4,813 genes associated with human disease, 
enriching for over 62,000 exons and their splice sites. Although 
NGS is currently considered to be a well-established technique, 
the clinical validation of recently available commercial kits still 
remains a constant challenge and a necessary step to ensure the 
high quality of clinical practice. Here, we show that the method 
of choice was technically reliable for sequencing and base call-
ing, and that the annotation and filtering methods selected 
from the literature successfully detected variants in the targeted 
regions. Target regions were enriched and captured using the 
Illumina Nextera TSO Enrichment Kit and sequenced using 
solid-state sequencing-by-synthesis technology employing the 
Illumina MiSeq desktop sequencer system. The sequencing 
data were processed using an in-house custom bioinformat-
ics pipeline with variant calls generated using the Burrows–
Wheeler Aligner (BWA) followed by GATK analysis, which 
generated a variant call format (.vcf) file to be used for final 
interpretation. We subdivided the TSO panel into six smaller 
panels for testing of the exonic and splicing regions of genes 
associated with cardiovascular diseases according to disease 
phenotype, including arrhythmogenic right ventricular car-
diomyopathy (ARVC), dilated cardiomyopathy/left ventricular 

non-compaction (DCM/LVNC), hypertrophic cardiomyopa-
thy (HCM), Marfan syndrome/Loeys–Dietz syndrome (MFS/
LDS), thoracic aortic aneurysms and dissections (TAAD), 
and a comprehensive cardiomyopathy (CMP) panel. Splitting 
into sub-panels allows for the proper test requisition by the 
physician while minimizing the risk of incidental findings 
and the presence of confounding variants. Several sub-panels 
were designed to have overlapping genes. In addition, the large 
CMP panel allows physicians to request the sequencing of 
genes in a more a comprehensive approach, usually when the 
clinical presentation is not very predictive of a particular type 
of CMP. The performance for each sub-panel was established 
after bioinformatics analyses which detected regions of poor 
coverage. These regions were targeted by Sanger sequencing as 
needed. Overall, all panels were successfully validated using a 
series of available genotype-known samples. We also describe 
our experience utilizing several of the sub-panels in a clinical 
setting with a group of 33 real-life cardiovascular patients (35 
NGS tests requested). In conclusion, the utilization of the 
validated TSO sub-panels has provided us with a method to 
efficiently and economically search for thousands of clinically 
significant variants in one single experiment. Given the success 
of this project, we aim to continue the validation of additional 
sub-panels for other human disorders.

MaTerials anD MeThODs

ngs cardiovascular Panels
The commercial TSO panel consisted of all 4,813 genes. We sub-
divided the gene content of the TSO panel into six clinical NGS 
panels which were further validated. The six clinical NGS panels 
made available for ordering of clinical testing each comprised of 
the sequencing of all coding regions and the immediate flanking 
regions of each exon of a specific group of genes. The CMP and 
the TAAD panels were also made available as reflex options (per 
physician request) when negative results were reported. Table 1 
describes each validated panel and the genes they cover. Table S1 
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in Supplementary Material contains the gene symbol, gene name, 
genomic coordinates, and main gene transcript for each gene that 
was sequenced using one of the NGS panels.

Validation samples
The validation samples consisted of 23 genotype-known and 
3 genotype-unknown samples (Table S2 in Supplementary 
Material). These samples were tested for their ability to result in 
successful libraries and sequence runs, as well as for evaluation 
and validation of the current NGS panel. DNA extraction meth-
odology for each sample is listed in Table S2 in Supplementary 
Material. Validation samples were anonymous Coriell gDNA 
specimens or clinical samples that have been recruited through 
and Indiana University IRB-approved Genetic Registry Specimen 
Repository with minimal description in the report and no listed 
identifiable information.

Patient samples
Patient samples consisted of clinical cases sent to the Indiana 
University School of Medicine Molecular Genetics Diagnostic 
Laboratory of the Department of Medical and Molecular 
Genetics, Indiana University School of Medicine, in the period 
of January 2015 to December 2015, with requisition for testing 
with one the following cardiovascular NGS panels: ARVC, DCM/
LVNC, HCM, MFS/LDS, TAAD, or CMP. Patient samples listed 
in this manuscript have been described without identifiable 
information. All patient DNAs used for testing were extracted 
from whole blood collected in purple-top tube using the Qiagen’s 
Gentra Puregene Blood Kit (Qiagen, Germantown, MD, USA) 
following the manufacturer’s instructions. Samples were de-
identified and only information about the NGS test requested, 
and variants identified were retained for the purpose of analysis 
of results for this manuscript.

Validation runs
Table S3 in Supplementary Material summarizes the scheme 
used to prepare libraries using Illumina’s TSO panel as specified 
by the standard and operating procedure (SOP). Each kit had 
reagents available for three runs. A repeat of NA12878 within 
a run was used for intra-run variability studies. A repeat of 
NA12878 between runs was used for inter-run variability 
studies. Additionally, different operators performed the tests 
according to the established technical protocols and SOP 
guidelines to allow for the evaluation of runs from libraries 
prepared by different operators (A or B). Furthermore, inter-lot, 
inter-day, and inter-run variability were assessed from runs 
of NA11931 between TSO_009 and TSO_013, and runs of 
NA11829 between TSO_010 and TSO_014. Single individuals 
(1-plex) or pools of three individuals (3-plex) were sequenced 
per flow-cell.

library Preparation and sequence Data 
generation
The Illumina TSO NGS panel was developed by Illumina, 
Inc. (San Diego, CA, USA) and includes over 125,395 80-mer 
probes that were designed against the human NCBI GRCh37/
hg19 reference genome assembly. Information about the 

expected performance, targeted regions, content design, and 
other information can be found in the TSO full gene list, TSO 
Data Sheet, and TSO Technical Note in the manufacturer’s 
website.

Optimization and validation experiments were set up manu-
ally following the manufacturer’s instructions. Experiments 
were performed loading either a single sample (1-plex) or three 
samples (3-plex) per MiSeq run per flow-cell. After quantitation 
using Qubit (Thermo Fisher Scientific, Waltham, MA, USA), 
genomic DNA underwent Nextera tagmentation, which con-
verts input genomic DNA into adapter-tagged libraries. Next, 
libraries were denatured and biotin-labeled probes specific to 
the targeted region were used for hybridization. The pool was 
then enriched for the targeted regions by adding streptavidin 
beads that bind to the biotinylated probes. Biotinylated DNA 
fragments bound to the streptavidin-coated beads were mag-
netically pulled down from the solution. The enriched DNA 
fragments were then eluted from the beads and hybridized for 
a second capture. Library preparation underwent quality con-
trol (QC) using an Agilent TapeStation, which was employed 
before library preparation and Qubit quantitation after library 
preparation. These steps provided the necessary metrics to 
assess the efficiency of fragmentation within the desired size 
range and the successful adapters/barcoding addition to each 
sample’s DNA fragment. Prepared libraries were then loaded on 
to a flow-cell for sequencing with the Illumina MiSeq desktop 
sequencer system, which acquired sequencing data points and 
generated a bam and a fastq file for sequence reads. The resulting 
sequence data were submitted to analysis if the data passed the 
acceptance and rejection criteria for analytic runs according to 
manufacturer’s instruction.

Bioinformatics Pipeline
To analyze and characterize data generated from targeted re-
sequencing, the following softwares were implemented in our 
bioinformatics pipeline: Trim Galore (version 0.3.2) to remove 
adaptor sequences and low quality reads; BWA (version 0.7.5a) 
(3) to align reads to human reference genome UCSC GRCh37/
hg19; GenomeAnalysisTK-2.8-1 (4, 5) for local realignment, base 
quality recalibration, and variants identification; SAMtools (ver-
sion 0.1.19) (6) and picard-tools-1.105 (http://picard.sourceforge.
net) to manipulate alignment files; VCFtools (version 0.1.10) (7) 
and BEDTools (8) (version 2.17.0) to further process resulted 
variant VCF files; ANNOVAR (revision 529) (9) for annotating 
variants; and Human Gene Mutation Database (HGMD) (10–12) 
professional used for further characterizing variants. R (13) and 
PERL were used for additional data analysis and characterization. 
All data processing steps were compiled into an all-steps-in-one 
bash script. Running scripts and parameters applied are available 
at http://compbio.iupui.edu/group/6/pages/clinicalsequencing. 
Additionally, our target file, the TruSight One Sequencing Panel 
Manifest downloaded from Illumina, can be found at: support.
illumina.com/content/dam/illumina-support/documents/
downloads/productfiles/trusight/trusight-one-manifest-
may-2014.zip.

Following these procedures generated a final report of 
variants from targeted gene regions. The report consisted of 
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variant mapping information, gene annotation, amino acid 
change annotation (synonymous or non-synonymous vari-
ants), variant functional annotation [SIFT, PolyPhen, LRTs, and 
MutationTaster (14–20)], variant evolutionary conservation 
annotation [PhyloP and GERP++ (21–23)], variant pres-
ence and allele frequencies in currently publicly sequenced 
populations (dbSNP identifiers, 1000 Genomes Project allele, 
NHLBI-ESP 6500 exome project), and known disease-related 
functional annotation from the HGMD database. Quality 
parameters such as variant quality, read depth, mapping quality, 
and fisher strand bias were included in the final variants report 
as well (see Table S4 in Supplementary Material). Although the 
TSO panel includes 4,813 genes, in the clinical setting, only the 
genes included in the panel requested by the referring physician, 
genetic counselor, or other appropriate health care provider 
were analyzed and only variants for the requested panel were 
available for post-bioinformatics analyses of variants. Further 
information regarding the bioinformatics pipeline, can be 
found in the Supplementary Material.

Post-Bioinformatics analyses
The TSO sequencing panel was first tested in 3-plex experi-
ments (three individuals pooled per flow-cell run), as specified 
by the manufacturer. Validation of coverage and SNP perfor-
mance was completed using 3-plex and 1-plex runs. Variants 
found in the validation samples were compared to secondary 
data as specified in Table S2 in Supplementary Material for 
concordance and evaluation of several metrics including false 
positive (FP) and false negative (FN) rates, analytic sensitiv-
ity, analytic specificity, overall genotype concordance (OGC), 
non-reference sensitivity (NRS), non-reference discrepancy 
(NRD), non-reference genotype concordance (NRGC), and 
precision.

Samples received for clinical testing were run as 1-plex or 
3-plex NGS panel experiments (panel selection as requested 
for each patient). Sanger (BigDye) sequencing was used to 
provide data for bases with insufficient coverage in exonic 
and splicing (±2 nucleotides from the exon) regions of genes 
of interest in the NGS panel run (<15× or <10× sequence 
depth, as needed). Several regions were recurrently found 
to have lower than 15× sequence depth in 1-plex validation 
runs (Table S5 in Supplementary Material) and were included 
in the default Sanger sequencing for clinical testing for each 
selected panel. “Products were sequenced using an Applied 
Biosystems 3500 xl Genetic Analyzer in conjunction with the 
ABI BigDye® Terminator v3.1 Cycle Sequencing kit chemistry 
and protocol (ABI, Foster City, CA). Sequences where aligned 
to each gene and analyzed using Mutation Surveyor software 
V4.0.7 (SoftGenetics, State College, PA).” The limitations of 
the Sanger sequencing method are that the presence of DNA 
structural rearrangements (such as the deletion of an exon 
or multiple exons) may not be detected by sequence analysis. 
Additional tests analyzing DNA structural rearrangements 
should be recommended to those patients who are negative for 
sequencing analysis. Additionally, variants that may be found 
within known segmental duplication (SegDup) regions listed 
in Table S6 in Supplementary Material cannot be amplified and 

sequenced unambiguously by PCR and BigDye sequence, and 
therefore cannot be reported. Variants found outside those loci 
listed in Table S6 in Supplementary Material were attempted to 
be confirmed unambiguously by PCR and BigDye sequencing 
if they were classified as pathogenic/likely pathogenic or variant 
of uncertain clinical significance (VUS).

Variants found in clinical test samples were evaluated for 
their clinical effect as being pathogenic, likely pathogenic, 
gene modifier, VUS, likely benign, or benign as explained in 
the Supplementary Material (special cases may differ from the 
classification procedures). The first step included separating the 
variants based on their presence or absence in the HGMD data-
base, in order to facilitate the review process, since the HGMD 
database provides some curation for variants with known disease 
association. Variants deemed to be pathogenic/likely pathogenic 
or VUS were confirmed by Sanger sequencing as deemed neces-
sary by the laboratory director on a case-by-case basis. In our 
post-bioinformatics analysis, we have mostly adhered to the 
current American College of Medical Genetics and Genomics 
(ACMG) guidelines for the standard interpretation of genetic 
variants (24). However, some parameters such as frequency 
have been adapted to reflect the current knowledge about 
the increased complex inheritance pattern in several cardiac 
syndromes, previously regarded as pure monogenic Mendelian 
diseases such as dilated cardiomyopathy (DCM), HCM, and 
ARVC, in which 5–10% of cases can present with two or more 
deleterious variants (25).

resUlTs

Panel Validation
Six NGS panels comprising of a select group of genes from the 
Illumina, Inc. TSO panel was optimized and validated using 
our in-house bioinformatics approach as described in Section 
“Materials and Methods.” Table 2 summarizes the metrics of the 
validation studies. Overall, the validation data for the NGS TSO 
and the cardiovascular sub-panels gave consistent and accurate 
genotype calls. A more detailed explanation of the validation 
results found in Table 2 is presented below.

Coverage
The overall coverage (sequence depth) of target bases for the 
TSO panel (see Figure  1) was dependent on the concentra-
tion of final library used in the sequencing run (compare 
TSO_002_NA12878 15 versus 18pM runs) as well as on the 
final number of samples pooled per  sequencing run (compare 
for example, NA11829 in 3-plex run TSO_010 and in 1-plex 
run TSO_014). The same was true for all cardiovascular sub-
panels as summarized on Table 2. Overall, better coverage was 
obtained from higher concentration of library used in the run 
and in 1-plex experiments (as was found later for patient runs). 
Regions of systematic low coverage were often found to fall 
within the first exon of the targeted genes, likely due to high GC 
content in these regions, which may affect probe binding. Other 
factors, such as an inherent suboptimal performance of certain 
capture probes, may also play a role in the decreased coverage 
of some regions; however, since the TSO panel is a commercial 
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FigUre 1 | Trusight One (TsO) next-generation sequencing depth in all validation runs. Sequencing depth, x.
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off-the-shelf product, we were not given the choice to add 
custom optimized probes to mitigate this problem. Regions of 
less than 15× depth of coverage from 1-plex experiments were 
selected for BigDye (Sanger) sequencing validation for each 
panel (number and length of loci are listed in Table  2). Loci 
pertaining to regions of known SegDups for each panel were 
also attempted to be validated. It is possible that additional 
loci may need to be Sanger sequenced after NGS testing of 
a given patient (for example, for confirmation or for testing 
of additional regions with low coverage or within SegDups).

Accuracy
De-identified DNA samples with various genotypes previously 
tested at an independent clinical laboratory were assayed. The 
assay showed complete concordance with expected results for all 
panels, following a blinded analysis. These results show valida-
tion of the TSO panel (and its sub-panels), of the bioinformatics 
pipeline, and of the post-bioinformatics filtering of variants. In 
addition, using a 1-plex run with NA12878 (TSO_002_18pM 
run), we determined the maximum length of indels properly 
detected by the TSO panel to be of 22 nucleotides in a homozygous 

http://www.frontiersin.org/Cardiovascular_Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Cardiovascular_Medicine/archive


TaBle 3 | corrected snP performance validation in 1-plex comprehensive comprehensive cardiomyopathy (cMP) panel validation after BigDye 
sequencing.

Metrics Trusight 
One panel

cMP and 
reflex

hypertrophic 
cardiomyopathy

Dilated 
cardiomyopathy/

left ventricular 
non-compaction

arrhythmogenic 
right ventricular 
cardiomyopathy

Marfan 
syndrome/

loeys–Dietz 
syndrome

Thoracic aortic 
aneurysms and 
dissections and 

reflex

Analytical sensitivity N/Aa 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 N/Aa 1.00 ± 0.00
Analytical specificity N/Aa 0.99 ± 0.00 1.00 ± 0.00 0.99 ± 0.00 1.00 ± 0.00 N/Aa 1.00 ± 0.00
False negative (FN) SNP rate N/Aa 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 N/Aa 0.00 ± 0.00
False positive (FP) SNP rate N/Aa 0.01 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 N/Aa 0.00 ± 0.00

aMeasurements not calculated for the designated panels (no BigDye sequencing performed).
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state, and 30 nucleotides in a heterozygous state (both cases with 
satisfactory quality and sequence depth; see indel information in 
Materials and Methods in Supplementary Material).

Analytical Sensitivity, Analytical Specificity, FN Rates, 
and FP Rates
Table  2 lists the analytical sensitivity, analytical specificity, FN 
rates, and FP rates obtained in 1-plex and 3-plex NGS valida-
tion experiments when the data obtained (from a run, prior to 
BigDye confirmation) were compared to data from an outside 
source. Samples MotherLP and ProbandJP were not used in these 
calculations. Overall, very similar analytical sensitivity, analytical 
specificity, FN rates, and FP rates were obtained between 1-plex 
and 3-plex experiments.

BigDye confirmation was performed to test the FP and FN 
variants found in 1-plex experiments. Following BigDye con-
firmation, the results for 1-plex experiments shown in Table 2 
were corrected to reflect the final analytical sensitivity, analytical 
specificity, and FN and FP rates for the exonic and splicing tar-
geted regions that obtained sequence depth of ≥15× of genes in 
the six NGS panels (Table 3). The values in Table 3 represent the 
true expected reportable performance of the six NGS panels for 
1-plex runs (since exonic and splicing regions of genes with <15× 
or <10× sequence depth were covered by BigDye sequencing, as 
deemed necessary). With an average of 1, 0.996, 0, and 0.004 for 
the sensitivity, specificity, FN rate, and FP rate, respectively, our 
panels demonstrated an excellent performance for the clinical 
application.

Assay Precision
The overall precision of each panel was calculated by running 
three different samples various times. Runs were compared to 
secondary data available (Illumina Platinum Genomes and 1000 
G project) and also to a series of repeated runs in our laboratory. 
The repeatability was tested by the intra-run variability (two 
libraries of the same starting genomic DNA sample run twice in 
the same sequencing experiment), while the reproducibility was 
tested by the inter-run variability (two libraries of the same start-
ing genomic DNA sample run twice in the separate sequencing 
experiments). Additionally, inter-operator variability was tested 
by allowing operator A to perform experiment TSO_004 while 
operator B performed experiment TSO_005. Furthermore, inter-
lot, inter-day, and inter-run variability were assessed from runs of 
NA11931 between TSO_009 and TSO_013, and runs of NA11829 

between TSO_010 and TSO_014. Several measurements were 
used to assess variability. The OGC, NRS, NRD, and NRGC were 
computed as previously published (26, 27). OGC, NRS, NRD, 
and NRGC were calculated treating each replicate alternatively 
as comparison set and evaluation set. Precision was calculated 
as True Positive SNPs divided by SNPs obtained from the Miseq 
run. Table 2 describes the range of each measurement for both 
MiSeq runs compared to secondary data and to MiSeq repeated 
runs. Overall, values obtained from comparing our TSO NGS 
experiments to other methods used by secondary testing sites 
showed more variability than when comparing to our repeated 
runs (Table S7 in Supplementary Material).

Assay Robustness
DNAs obtained from different sources (whole blood, cell 
lines, buccal swabs, and frozen post-mortem blood) passed 
all QC steps from DNA extraction to library preparation, 
to required MiSeq sequencing metrics. Only one MiSeq 
instrument is available in our molecular genetics laboratory. 
Table  S2 in Supplementary Material summarizes the various 
runs performed and Table 2 summarizes the precision obtained 
under various conditions. It is evident that this assay is suf-
ficiently robust to accommodate variations among consumables, 
technologists, and origin of DNA. However, assessment of the 
impact of contaminants on the performance of the test has not 
been systematically performed.

Patient Testing
Results from de-identified patient samples received by our 
clinical laboratory in the period of January 2015 to December 
2015 with requisition for testing using one the cardiovascular 
NGS panels were collected. The patient reported results and 
variants found per panel requested are detailed in Table S8 in 
Supplementary Material. Overall, we were requested to perform 
NGS tests for 33 patients in the period selected for the writing 
of this manuscript, with two patients (IDs 24 and 32) having 
sequencing reported for two panels (CMP as a reflex). The distri-
bution of the type of panel requested reflects the specific patient 
population of the requesting health professional, for which they 
deem to have the necessity to order a clinical genetic testing. 
Out of the 35 panels requested for testing, about half (18) were 
CMP panels. The second most ordered NGS test was the TAAD 
panel (10, or 29%). There were no requests for the ARVC panel 
during the period selected (Figure 2). Overall, 20% of all tests 
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FigUre 2 | Distribution of panels ordered for patient testing (%). 
The ARVC panel was not ordered for patient testing during the time-frame 
selected. Two patients (IDs 24 and 32) had sequencing reported for two 
panels (CMP as a reflex). ARVC, arrhythmogenic right ventricular 
cardiomyopathy panel; CMP, comprehensive cardiomyopathy panel; DCM/
LVNC, dilated cardiomyopathy/left ventricular non-compaction panel; 
HCM, hypertrophic cardiomyopathy panel; MFLS, Marfan syndrome/
Loeys–Dietz syndrome panel; TAAD, thoracic aortic aneurysms and 
dissections panel.
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requested resulted in a positive result, meaning that at least one 
pathogenic or likely pathogenic variant was found in the patient 
tested. The CMP panel had the highest positive result rate with 
28% of patients tested being reported to have at least one variant 
that could explain their phenotype. Additionally, about 43% of 
all NGS tests were reported to have no pathogenic or likely 
pathogenic variants, but to have at least one VUS, and about 
37% of panels tested had a negative result (no pathogenic, likely 
pathogenic, or VUS was found). All HCM panels were reported 
as negative; however, only two HCM panels were requested 
in the period analyzed (Figure  3). Figure  3 shows a graphic 
representation of our clinical sample population pick-up rates. 
Overall, the positive rate of approximately 28% obtained for 
the CMP panel (our largest sample size) is consistent with the 
previously published expected positive rate of 30% for patients 
diagnosed with DCM—we compare the published DCM rate to 
our CMP rate since in most cases, when the ordering physicians 
for our patients suspected a diagnosis of DCM they tended 
to order the larger, more comprehensive CMP panel (28). For 
other panels, the positive rates were heavily dependent on the 
diagnostic criteria and interpretation of clinical presentation 
used by the clinician prior to patient genetic testing. Additionally, 
in many cases, the panel requested by the physician may have 
been used as a differential diagnosis to exclude a specific disease. 
Therefore, the rate we obtained for the HCM, MFLS, TAAD, and 
DCM/LVNC panels may not be an accurate representation of 
expected pick-up rates for a given definitively diagnosed patient 
population.

DiscUssiOn

Sequencing information may be used as an aid to clinicians in 
determining disease diagnosis, follow-up procedures, genetic 

counseling, therapeutic strategy, and treatment of disorders 
based on variants found in the gene(s) analyzed. Laboratory-
developed NGS panel tests can identify an individual’s genotype 
from genomic DNA with focus on specific disorders, groups 
of genes, phenotypes, and other variables in an efficient and 
cost-effective way. In this study, we present our results from 
the optimization and validation of the Illumina TSO NGS 
panel utilizing the Illumina MiSeq and an in-house bioinfor-
matics pipeline for clinical testing of cardiovascular disorders 
(including HCM, DCM/LVNC, ARVC, MFS/LDS, TAAD, and 
comprehensive CMP). Our validation demonstrated that our 
procedures fulfilled the requirements of a clinical assay for 
detection of nucleotide base alterations, and small deletions 
and insertions with a desirable clinical test level of quality to 
detect constitutive genomic variants. Compared to the use 
of Sanger sequencing, at the current pricing and established 
turnaround time for clinical samples at our laboratory, one 
would save approximately 9.5 times the cost, and 10.2 times the 
time when using our NGS approach for an average gene, such 
as LMNA. Compared to other NGS targeting technologies, the 
hybridization capture-based approach that we used (as opposed 
to amplicon-based approach) allowed us to obtain a high qual-
ity NGS panel with clinically acceptable sensitivity, specificity, 
accuracy, precision, and coverage. Previous studies have shown 
that amplicon methods tend to be suboptimal and may generate 
higher FP and FN rates as well as lower coverage and uniform-
ity (29). Finally, with regards to our optimized bioinformatics 
pipeline, we employed the most widely used tools to identify 
variants following the best practices of the GATK. Although, to 
our knowledge, there is no single state-of-the-art pipeline that is 
currently available for clinical NGS panel studies, our validation 
studies of our in-house developed bioinformatics pipeline have 
also shown clinically acceptable high quality results. A limita-
tion of our study is that it is based on a small sample size, which 
may render it to be of insufficient power to address the genotypic 
variability of future samples and the true analytic sensitivity and 
specificity. Future studies are necessary to increase the power of 
our current assessment.

Our sub-panel approach included the selection of genes asso-
ciated with cardiovascular diseases according to disease pheno-
type. Among the genes selected for each panel, several belong 
to a list of known pathogenic (KP) and/or expected pathogenic 
(EP) actionable variants, according to the ACMG recommenda-
tions on incidental findings: 18 genes with actionable KP/EP 
variants out of 61 CMP panel genes (MYBPC3, MYH7, TNNT2, 
TNNI3, TPM1, MYL3, ACTC1, PRKAG2, GLA, MYL2, LMNA, 
RYR2, PKP2, DSP, DSC2, TMEM43, DSG2, and SCN5A), 10/18 
HCM panel genes (MYBPC3, MYH7, TNNT2, TNNI3, TPM1, 
MYL3, ACTC1, PRKAG2, GLA, and MYL2), 8/33 DCM/LVNC 
panel genes (MYBPC3, MYH7, TNNT2, TNNI3, TPM1, ACTC1, 
LMNA, and SCN5A), 6/8 ARVC panel genes (LMNA, PKP2, 
DSP, DSC2, TMEM43, and DSG2), 3/3 MFS/LDS panel genes 
(FBN1, TGFBR1, and TGFBR2), and 8/18 TAAD panel genes 
(COL3A1, FBN1, TGFBR1, TGFBR2, SMAD3, ACTA2, MYLK, 
and MYH11) (30).

In our experience with 33 patients referred for clinical genetic 
testing using the given NGS panels, we found a positive result 
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FigUre 3 | reported results per panel requested. Final patient panel results were reported as either being positive (at least one pathogenic or likely pathogenic 
variant was found), VUS (at least one VUS but no pathogenic or likely pathogenic variant was found), or negative (no pathogenic, likely pathogenic, or VUS was 
found). The ARVC panel was not ordered for patient testing during the time-frame selected. Two patients (IDs 24 and 32) had sequencing reported for two panels 
(CMP as a reflex) Percentages are shown followed by the actual number of reports of each category in parenthesis. ARVC, arrhythmogenic right ventricular 
cardiomyopathy panel; CMP, comprehensive cardiomyopathy panel; DCM/LVNC, dilated cardiomyopathy/left ventricular non-compaction panel; HCM, hypertrophic 
cardiomyopathy panel; MFLS, Marfan syndrome/Loeys–Dietz syndrome panel; TAAD, thoracic aortic aneurysms and dissections panel; VUS, variant of uncertain 
clinical significance.
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(pathogenic or likely pathogenic variant) for 20% of the panels 
tested. The highest positive rate resulted from CMP panels (28%), 
which was also the NGS panel that was the most requested in 
the period analyzed (51% of all panels requested). Patients with a 
positive test result may have a more appropriate management of 
their clinical phenotype and they were, as well as their relatives, 
recommended to receive continued clinical evaluation, follow-up, 
and genetic counseling. Our laboratory offers targeted testing for 
the specific variant(s) detected in the proband to at-risk relatives 
using Sanger sequencing technology, and many of the families 
took advantage of this service.

From the 33 patients referred for clinical genetic testing using 
the given NGS panels, about 43% of all tests were reported to have 
at least one VUS, but not a definitive pathogenic or likely patho-
genic variant. The functional significance of these variants is not 
known at present and their contribution to the patient’s disease 

phenotype could not be determined at the time of reporting. 
However, these VUSs are good candidates for functional studies, 
and the analysis of other affected relatives of the patient tested 
may help support a potential pathogenic role of these variants 
if they co-segregate with the disease phenotype in the families 
studied.

From the 33 patients referred for clinical genetic testing using 
the given NGS panels, about 37% of all tests were reported to 
be negative. Many reasons may be related to a negative result. 
For example, a complicated clinical phenotype, or confounding 
factors such as environmental causes may result in a challenging 
choice for the most appropriate test to run in order to achieve the 
diagnosis of the proband. On the laboratory side, there are several 
technical limitations that could be associated with negative results. 
For example, the enrichment design employed in the commercial 
kit used for our NGS assays targets and detects variants in the 
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coding sequence and adjacent splicing and intronic sequences of 
the desired genes, while variants in deep intronic, non-coding, 
and regulatory regions that could affect gene expression were not 
targeted by our NGS assays. In addition, our clinical NGS tests 
were not designed for the purpose of detecting copy number vari-
ants due to large deletions and duplications encompassing all or a 
large portion of a gene (the maximum length of indels we detected 
was of 23 nucleotides in a homozygous state and 31 nucleotides 
in a heterozygous state). Moreover, our NGS methodology and 
depth of coverage were designed for constitutional genetics and 
may not detect low level mosaicism. Likewise, there could be 
some coding and splice site regions of genes that may present 
with an intrinsic sequence characteristics leading to suboptimal 
data. Finally, although our panels have been designed to include 
the great majority of genes known to be involved in each of the 
cardiovascular disorders listed here, every day, scientific progress 
reveals new genes that may be causing or be associated with these 
diseases. A benefit of our sub-panel design approach, in which 
a large panel was subdivided into smaller panels, is the fact that 
new genes and new sub-panels may be quickly validated from the 
list of 4,813 genes in the TSO panel as new literature points to new 
genes being involved in cardiovascular diseases. This validation 
would only consist of developing Sanger sequencing for regions 
of systematic low coverage and regions of known SegDups for 
the new genes and the calculation of parameters, such as FN, FP, 
accuracy, sensitivity, and specificity. For example, we are cur-
rently working on the validation and clinical implementation of 
NGS sub-panels for testing in Noonan spectrum disorders, long 
QT syndrome, hypertension, lipid disorders, and comprehensive 
arrhythmias. Additionally, our TSO panel and validation strategy 
may be used in the future for an array of non-cardiovascular 
diseases, including neurological, metabolic, skeletal disorders, 
and cancer, to name a few.
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Over the last decade, high-throughput genotyping and sequencing technologies have 
contributed to major advancements in genetics research, as these technologies now 
facilitate affordable mapping of the entire genome for large sets of individuals. Given this, 
genome-wide association studies are proving to be powerful tools in identifying genetic 
variants that have the capacity to modify the probability of developing a disease or trait 
of interest. However, when the study’s goal is to evaluate the effect of the presence of 
genetic variants mapping to specific chromosomes regions on a specific phenotype, 
the candidate loci approach is still preferred. Regardless of which approach is taken, 
such a large data set calls for the establishment and development of appropriate ana-
lytical methods in order to translate such knowledge into biological or clinical findings. 
Standard univariate tests often fail to identify informative genetic variants, especially 
when dealing with complex traits, which are more likely to result from a combination of 
rare and common variants and non-genetic determinants. These limitations can partially 
be overcome by multivariate methods, which allow for the identification of informative 
combinations of genetic variants and non-genetic features. Furthermore, such methods 
can help to generate additive genetic scores and risk stratification algorithms that, once 
extensively validated in independent cohorts, could serve as useful tools to assist clini-
cians in decision-making. This review aims to provide readers with an overview of the 
main multivariate methods for genetic data analysis that could be applied to the analysis 
of cardiovascular traits.

Keywords: SnPs, multivariate methods, risk scores, risk stratification, cardiovascular diseases

inTRODUCTiOn

The interaction of several genetic and environmental factors modulates the clinical expression of 
common cardiovascular diseases (CVDs), such as coronary artery disease (CAD), cerebrovascular 
disease, peripheral arterial disease, and stroke. Poor diet, physical inactivity, smoking, and harmful 
use of alcohol have all been established as key risk factors that can affect the clinical expression 
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of many CVDs (1). While predisposition to CVD as indicated 
by the presence of family history suggests that genetic factors 
play a role in the expression of the trait, the characteristics of 
inheritance often do not follow Mendelian patterns. For mul-
tifactorial diseases, this atypical pattern of inheritance impairs 
the elucidation of the genetic underpinnings. Indeed, multiple 
genetic factors with variable effects and effect size have to be 
identified to account for such a complex “polygenic” inheritance. 
On the other hand, the variable expressivity commonly found in 
monogenic cardiac diseases, even among subjects with the same 
genetic defect, represents a major limitation for the definition of 
genotype-based risk stratification algorithms (2).

Over the last decade, genome-wide association studies 
(GWASs) successfully identified more than 1,100 associations 
of genetic markers with cardiovascular traits, such as stroke, 
CAD, peripheral arterial disease, variability of the human elec-
trocardiogram, and monogenic cardiac diseases (3). Although 
providing strong evidence of statistical association with these 
traits (p-value <1  ×  10−8), single genetic variants identified by 
GWASs only explain a small proportion of the disease risk or 
phenotype variability (4–6). As an example, the recently identi-
fied CAD-associated variants reviewed in Ref. (4) induce each 
an average increase in terms of disease risk of ~18% [odds ratio 
(OR)  =  1.18] (5). Further refining in genetic risk prediction 
and resuming multi-markers information in CVD will require 
alternative analytical strategies.

In the following sections, this review will address the main 
multivariate approaches to perform genetic variants selection 
from GWAS or candidate region studies, how the deriving 
findings could be modeled to define specific risk profiles and 
risk stratification algorithms and how to evaluate the prediction 
accuracy of the defined models.

iDenTiFiCATiOn OF inFORMATive 
GeneTiC vARiAnTS

Identifying informative genetic markers among millions of 
 candidates generated by microarrays or next generation 
sequencing (NGS) platforms has historically been a process of 
ranking variants according to their level of statistical association 
with a specific trait. This is first estimated by one-SNP-at-a-time 
testing approaches, and then a subset of these associated vari-
ants is selected based on a defined significance threshold (7). 
More recently, methods have emerged that are better suited for 
large cohorts of individuals deeply characterized by phenotypic 
measurements. Multivariate machine learning methods can be 
applied to identify informative subsets of genetic variants and 
non-genetic factors that jointly contribute to the overall phe-
notype expression (8). Annotating the identified markers could 
then be performed by accessing resources providing informa-
tion on genomic variants previously associated with a trait of 
interest (3, 9, 10) and functional annotation tools (11–15). Once 
validated on independent cohorts of individuals, functional 
studies will allow researchers to translate evidence of statistical 
association and informative predictive models into biologically 
relevant findings (16).

Multivariate Methods for Common 
Genetic variants Selection
Multivariate approaches of feature selection allow researchers 
to identify a subset or a combination of informative common 
genetic variants and non-genetic covariates that underlies the risk 
of developing a trait (17). These approaches offer a method that 
can overcome the limitations of the one-variant-at-a-time testing 
strategy characterizing univariate tests, which are incapable of 
capturing the multifactorial characteristics of many cardiovascu-
lar traits (e.g., additive effects of multiple variants, interactions 
between genetic and non-genetic factors) (18). In general, these 
approaches select informative variables not based on the strength 
of their statistical association with the trait, but rather on the basis 
of their capability to correctly predict the trait value in independ-
ent data.

A distinction has then to be made between multivariate meth-
ods for the analysis of binary traits (i.e., when the dependent vari-
able indicates the presence or absence of a specific condition) and 
methods for quantitative traits analysis (i.e., when the dependent 
variable is characterized by a continuous distribution).

Binary Traits Analysis
The analysis of binary traits offers several alternatives that draw 
from both frequentist and Bayesian methods (Table 1). In order 
to identify informative sets of genetic and non-genetic variables 
expected to jointly affect a disease phenotype, stepwise logistic 
regression is one of the most consolidated approaches. The first 
step of this approach consists in testing simultaneously an initial 
set of SNPs in a logistic regression model as predictors of disease 
status which is represented by the binary-dependent variable. 
Then, different models are subsequently compared with the initial 
model to estimate whether a different set of predictors improved 
the fit, which is measured by goodness of fit metrics such as 
deviance or log-likelihood (19). Identifying the optimal model 
can be performed by a forward search strategy (the selection 
starts with the intercept of the regression, and then sequentially 
adds into the model the predictor that most improves the fit), a 
backward search strategy (it starts by including all variables, and 
sequentially deletes the predictor that has the lowest impact on 
the fit), or a combination of both (19). However, it is important to 
consider that this approach may prove computationally intensive 
when large sets of variables need to be analyzed, making the task 
of feature selection difficult.

The Least Absolute Shrinkage and Selection Operator (LASSO) 
(22) is a shrinkage method that represents a sound alternative to 
stepwise regression for the identification of informative genetic 
variants. The LASSO approach silences non-informative vari-
ables by setting their regression coefficient to 0 through a penalty 
parameter called lambda (λ). The optimal value to be assigned to 
λ can be learned by a resampling strategy performed on the data: 
the value guaranteeing the lowest average classification error on 
the test sets will be applied to the regression model. Vaarhorst and 
colleagues (34) used LASSO to identify predictors of coronary 
heart disease (CHD), starting from a set of candidate variants, 
whereas Hughes and colleagues (35) applied the algorithm to 
the identification of genetic variants to define a risk score for 
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TABLe 1 | Summary of the main multivariate methods for common variants analysis.

Phenotype Method Main software  
packages

Analysis of entire  
GwAS datasets

Advantages Disadvantages

Binary traits
Stepwise 
logistic 
regression (19)

Orange (20), WEKA 
(21), statsa, MASSa

Limited to candidate 
variants

Results can be easily 
interpreted

Results could be negatively influenced 
by collinearity; computationally intensive; 
R implementationsa require advanced 
computer skills

LASSO (22) Orange (20), PLINK 
(23), HyperLASSO 
(24), glmneta, larsa, 
penalizeda, ldlassoa, 
scikit-learnb

Yes (HyperLASSO), 
otherwise the analysis 
is limited to candidate 
variants

Fast computation; internal 
CV to learn the optimal λ 
parameter

Does not necessarily yield good results in 
presence of high collinearity and when the 
number of variants exceeds the number 
of examples; Ra, Pythonb, and PLINK 
implementations require advanced computer 
skills

Elastic net (25) elasticneta, glmneta, 
scikit-learnb

Limited to candidate 
variants

Combines strengths of LASSO 
and Ridge regression (26), 
overcoming issues due to 
collinearity, and unbalanced 
variants/samples ratio

Requires advanced computer skills

BOSS (27) BOSS Limited to candidate 
variants

Works properly also when the 
number of features exceeds the 
number of samples

Computationally intensive; requires advanced 
computer skills 

BoNB (28) BoNB Yes Fast computation; robust to LD 
between variants

Requires advanced computer skills

Classification 
trees (29)

Orange (20), WEKA 
(21), rparta, treea, 
scikit-learnb

Limited to candidate 
variants

Fast computation; easy to 
interpret

May not perform well in the presence of 
complex interactions, overfitting may lead to 
instability; Ra and Pythonb implementations 
require advanced computer skills

Random forest 
(30)

Orange (20), WEKA 
(21), randomForesta, 
randomForestSRCa, 
scikit-learnb, RFF (31)

Yes (RFF) otherwise the 
analysis is limited to 
candidate variants

Robust to noise; fast 
computation

Results are difficult to interpret; Ra, Pythonb 
and RFF implementations require advanced 
computer skills

ABACUS (32) ABACUSa Candidate regions 
mapping to specific 
pathways 

Able to simultaneously consider 
common and rare variants and 
different directions of genotype 
effect

Requires advanced computer skills

Time to event
Stepwise Cox 
proportional 
hazard model

Survivala, MASSa Limited to candidate 
variants

Results can be easily 
interpreted

Results could be negatively influenced 
by collinearity; computationally intensive; 
requires advanced computer skills

LASSO (22) glmneta, penalizeda 
coxneta

Limited to candidate 
variants

Fast computation; internal 
CV to learn the optimal λ 
parameter

Does not necessarily yield good results in 
presence of high collinearity and when the 
number of variants exceeds the number of 
examples; requires advanced computer skills

Elastic net (25) coxneta Limited to candidate 
variants

Combines strengths of LASSO 
and Ridge regression (26), 
overcoming issues due to 
collinearity, and unbalanced 
variants/samples ratio

Requires advanced computer skills

Classification 
(survival) trees 
(29)

rparta Limited to candidate 
variants

Fast computation; easy to 
interpret

May not perform well in the presence of 
complex interactions, overfitting may lead to 
instability; requires advanced computer skills

Random forest 
(30)

randomForestSRCa Limited to candidate 
variants

Robust to noise; fast 
computation

Results are difficult to interpret; requires 
advanced computer skills

Quantitative traits
Stepwise linear 
regression

statsa, MASSa Limited to candidate 
variants

Results can be easily 
interpreted

Results could be negatively influenced 
by collinearity; computationally intensive; 
requires advanced computer skills

LASSO (22) Orange (20), PLINK 
(23), HyperLASSO 
(24), glmneta, larsa, 
penalizeda, ldlassoa, 
scikit-learnb

Yes (HyperLASSO), 
otherwise the analysis 
is limited to candidate 
variants

Fast computation; internal 
CV to learn the optimal λ 
parameter

Does not necessarily yield good results 
in presence of high collinearity and when 
the number of variants exceeds the 
number of examples; Ra, Pythonb, and 
PLINK implementations require advanced 
computer skills

(Continued)
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Phenotype Method Main software  
packages

Analysis of entire  
GwAS datasets

Advantages Disadvantages

Elastic net (25) Elasticneta, glmneta, 
scikit-learnb

Limited to candidate 
variants

Combines strengths of LASSO 
and Ridge regression (26), 
overcoming issues due to 
collinearity, and unbalanced 
variants/samples ratio

Requires advanced computer skills

GUESS (33) GUESS/R2GUESSa Yes Fast parallel computation Requires advanced computer skills
Regression 
trees (29)

Orange (20), rparta, 
treea, scikit-learnb

Limited to candidate 
variants

Fast computation; easy to 
interpret

May not perform well in the presence of 
complex interactions, overfitting may lead to 
instability; Ra and Pythonb implementations 
require advanced computer skills

Random forest 
(30)

Orange (20), 
randomForesta, 
randomForestSRCa, 
scikit-learnb, RFF (31)

Yes (RFF) otherwise the 
analysis is limited to 
candidate variants

Robust to noise; fast 
computation

Results are difficult to interpret; Ra, Pythonb, 
and RFF implementations require advanced 
computer skills

Phenotype, dependent variable’s distribution; method, algorithm or method; main software packages, main softwares, packages, or functions implementing the described method; 
analysis of entire GWAS datasets, indicates whether the method can be applied to whole GWAS data; advantages, advantages of the method; disadvantages, disadvantages of the 
method.
aR package.
bPython package.

TABLe 1 | Continued
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coronary risk prediction. The elastic net (25) is an extension of the 
LASSO that is robust to extreme correlations among predictors, 
which also provides a more efficient, effective system for handling 
the analysis of unbalanced datasets.

Bayesian methods, such as the binary outcome stochastic 
search (BOSS) (27) and bags of naive Bayes (BoNB) (28) algo-
rithms, also provide alternative approaches. BOSS is a feature 
selection approach deriving from the method described in Ref. 
(36) based on a latent variable model that links the observed out-
come to the underlying genetic variants mapping to candidate 
regions of interest. A Markov Chain Monte Carlo approach is 
used for model search and to evaluate the posterior probability 
of each predictor in determining the latent variable profile 
(27). A latent variable profile is defined as a stochastic vector 
of same size of the number of SNPs; the vector may assume 
0/1 values, thus expressing the fact that a marker is considered 
(value equal to 1) or not (value equal to 0) as a predictor of the 
outcome. The model estimates the posterior probability of such 
latent variable; as a consequence, the most likely latent variable 
will determine the set of SNPs with the highest risk prediction 
potential for developing a disease. BoNB (28) is an algorithm 
for genetic biomarkers selection from the simultaneous analysis 
of genome-wide SNP data based on the naive Bayes (NB) (37) 
classification framework. The predictive value (marginal utility) 
of each genetic variant is assessed by a resampling strategy. By 
randomly shuffling the genotypes of an informative variant, 
an overall decrease in terms of classification accuracy will be 
observed, and if an uninformative variant is permuted, no 
substantial loss will be observed. This strategy, coupled with 
appropriate statistical tests, allows BoNB to identify informative 
sets of SNPs. These methods have been tested on real datasets on 
type 1 (28, 38) and type 2 diabetes (27), respectively.

Classification and regression trees (RTs) methods (29) fall 
under the category of decision tree learning. In these tree 
structures, leaves represent the predicted phenotypic outcome, 

whereas nodes and branches represent the set of genetic variants 
and clinical covariates that predict the phenotypic outcome. 
These methods recursively partition data into subsets according 
to the variables’ values: each partition corresponds with a “split” 
based on the set of variables being considered, defining a tree-like 
structure (19). Classification trees (CTs) are designed to analyze 
categorical traits and facilitate the identification of informative 
interactions between variables and stratifications in the data 
starting from a limited numbers of predictors.

Random forests (RFs) (30) are based on CTs, as they aggre-
gate a large collection of de-correlated trees, and then average 
them (19). RFs generate a multivariate ranking of the analyzed 
variables according to their predictive importance with respect 
to the outcome. Even more, they can be easily applied to 
analyze unbalanced datasets, and they are able to account for 
correlation and informative interactions among features. Such 
characteristics make this approach particularly appealing for 
high-dimensional genomic data analysis (39). RFs have been 
applied to identify genetic variants influencing coronary artery 
calcification in hypertensive subjects (40), bicuspid aortic valve 
condition (41), and high-density lipoprotein (HDL) cholesterol 
level (42). Maenner and colleagues (43) applied RFs to identify 
SNPs involved in gene-by-smoking interactions related to the 
early-onset of CHD using the Framingham Heart Study data.

ABACUS is an Algorithm based on a BivAriate CUmulative 
Statistic, which allows identifying combinations of common 
and rare genetic variants associated with a disease by focusing 
on predefined SNPs-sets (e.g., belonging to specific pathways) 
(32). ABACUS calculates a statistic for each pair of SNPs within 
each SNPs set and generates an aggregated score measuring the 
cumulative evidence of association of the SNPs annotated in the 
SNP set. This method has been tested on GWAS on type 1 and 
type 2 diabetes (32).

Specific implementations of LASSO, elastic net, CTs, RFs, and 
stepwise Cox proportional hazard regression (44) have been also 
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proposed for the identification of SNPs associated with time to 
event outcomes (Table 1).

Quantitative Traits Analysis
Many of the feature selection methods for binary traits derive 
from algorithms originally established for quantitative traits 
analyses (Table 1). Linear regression (45) coupled with stepwise 
feature selection is probably one of the most commonly applied 
approaches when dealing with the task of identifying informa-
tive predictors with respect to continuous traits starting from a 
limited set of variables.

The LASSO and the elastic net shrinkage algorithms for 
regression problems work similarly for classification. Warren and 
colleagues (46) used LASSO and HyperLASSO (24) to predict 
low-density lipoprotein (LDL) and HDL cholesterol, two lipid 
traits of clinical relevance. Bottolo and colleagues (33) published 
the results from the validation and implementation of a method 
called Graphical Unit Evolutionary Stochastic Search (GUESS), 
a Bayesian variable selection approach able to analyze single and 
multiple responses, searching for the best combinations of SNPs 
to predict the traits. The authors applied the method to study 
genetic regulation of lipid metabolism in the Gutenberg Health 
Study (GHS), confirming the association of previously identified 
loci for blood lipid phenotypes.

Though largely similar to CTs, RTs differ from CTs in that the 
dependent variable is continuous, and a regression model is fitted 
to each node to perform the task of prediction. Additionally, RFs 
for regression problems are also widely employed and imple-
mented in specific analytical packages.

MULTivARiATe MODeLS FOR DeCiSiOn 
SUPPORT

Demographic, clinical, and genetic risk factors identified by 
the previously described methods or selected based on prior 
knowledge can be combined in order to define specific predictive 
models, which could assist clinicians during the decision make 
steps of the clinical practice (47–49). Such models can be defined 
by making use of the above mentioned methods. For example, 
multilocus genetic risk profiles can be defined by weighting 
genetic variants by the corresponding regression coefficients 
(50, 51). Similarly, tree-based approaches or regression methods 
can be applied to define risk stratification algorithms combining 
genetic and non-genetic information (49, 51).

Multilocus Genetic Risk Profiles
The theory of multifactorial, polygenic liability relies on the 
combined effect of multiple common genetic variants, each 
explaining a small amount of phenotypic variance and possibly 
interacting with environmental factors, all contributing to the 
overall risk (52, 53). Polygenic risk score (PRS) approaches were 
introduced to examine the load of genetic risk associated with 
a given disease by simultaneously testing a broad set of com-
mon variants (54). Essentially, the PRS approach capitalizes on 
the identification of genetic risk variants derived from large, 

mega-, or meta-analyses for specific disorders and generates an 
index of genetic vulnerability associated with the disease (54). 
Affected subjects present higher values of the PRS than not 
affected subjects. The advantage of polygenic modeling is that 
the genetic vulnerability is represented by a larger set of gene-
mapping variants contributing to the risk of the disease, rather 
than a single genetic variant. There are several different ways 
to implement polygenic modeling approaches (55). All methods 
rely on selecting variants on a training set using univariate or 
multivariate approaches or focusing on candidate loci identified 
by previous studies. The risk alleles of the identified sets of genetic 
variants are then used to generate a PRS either by summing the 
number of risk alleles (“un-weighted” approach) or by weighting 
the number of risk alleles by the effect size of the association 
deriving from regression models (“weighted” approach) (50). 
Either way, the PRS is tested for association in a replication 
sample via traditional regression-based statistics and standard 
metrics are used to estimate its predictive power (56).

Polygenic risk score usually explain 1–5% of the variation in 
complex traits, which is already an improvement compared with 
GWAS single genetic variants, which typically yield relatively 
small increment of risk with ORs <1.5-fold, with the exception 
of traits such as height, for which a GWAS identified a SNP 
explaining almost 5% of the phenotypic variance (53, 57). PRS 
have been applied to several CVD studies and are found to be 
a significant predictor of CAD (58, 59), incident cardiovascular 
(60), CHD (61), atrial fibrillation, and stroke (62). Furthermore, 
Pfeufer and colleagues (63) assessed the cumulative effect of 
SNPs modulating the QT interval in the general population. 
For a more comprehensive review of PRS findings in CVD, 
we encourage readers to consider the report by Abraham and 
Inouye (51).

Risk Stratification Algorithms
Risk stratification algorithms are designed to be intuitive tools 
that can assist clinicians in identifying patients at high risk of 
adverse events, thus informing decision-making by following 
a defined set of logical steps (64–66). These algorithms can be 
derived by the integration of genetic information (e.g., single 
SNPs, mutations on causative loci, PRSs) with known clinical 
and behavioral risk factors by appropriate multivariate meth-
ods. When defined by regression methods, they can be inter-
rogated by nomograms, graphical tools that allow interpreting 
the risk of developing a certain trait based on an individual’s 
characteristics (67).

Priori et  al. (47) proposed a risk stratification algorithm to 
identify long QT syndrome (LQTS) patients at high risk of adverse 
cardiac events (defined as occurrence of syncope, cardiac arrest, 
or sudden death before the age of 40  years and in absence of 
therapies). LQTS is a genetic disorder caused by mutations that 
affect ion-channel encoding genes or other genes that indirectly 
modulate the function of ion channels. The algorithm was 
based on the combination of information about the presence of 
genetic variants on one of the three main LQTS genes (KCNQ1, 
KCNH2, and SCN5A defining LQT1, LQT2, and LQT3), gender, 
and QT interval duration (≥500 or <500 ms), which are known 
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FiGURe 1 | rs10494366 common variant on NOS1AP modulates risk of 
events in LQTS (48). The schema reports the combined hazard ratios (HRs) 
from Cox regression by risk categories. The risk stratification schema 
includes the common variant rs10494366 on NOS1AP gene and known risk 
predictors in LQTS, represented by: QTc ≥ 500 ms, gender, and LQTS 
subgroup. Each box shows the combined HR for patients sharing clinical and 
genetic characteristics. The reference category (HR = 1) is represented by 
individuals LQT1, males, QT < 500 ms and homozygote for the common 
allele of NOS1AP rs10494366. Reprinted from the manuscript by Tomás and 
colleagues (48) with permission from Elsevier.
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independent risk predictors in LQTS. Three risk groups were 
identified based on the observed probability of an adverse cardiac 
event: low risk (probability <30%), intermediate risk (30–49%), 
and high risk (≥50%). Based on the published risk stratification 
algorithms for LQT1, LQT2, and LQT3 patients (47, 68), Tomás 
and colleagues (48) investigated whether common variants on 
NOS1AP locus can add additional insights for risk stratification in 
this group of patients. The authors demonstrated that the presence 
of the NOS1AP rs10494366 variant improved event risk stratifica-
tion for previously identified LQT1, LQT2, and LQT3 patients. 
The presence of the GG or GT genotype of NOS1AP rs10494366 
increased the risk of cardiac events compared with homozygotes 
for the T allele in all the subgroups of LQTS patients defined by 
different combinations of gender and genetic locus (Figure 1).

Talmud et al. (69) evaluated whether the inclusion of informa-
tion regarding the genotype of rs10757274 on 9p21.3 locus to the 
risk factors defining the Framingham risk score (FRS) allowed 
increasing the accuracy in identifying patients at risk of CHD in a 
prospective study. Results showed that, although rs10757274 did 
not add substantially to the usefulness of the FRS for predicting 
future events, it did improve reclassification of CHD risk, and 
thus may have clinical utility.

Ripatti et al. (58) tested 13 SNPs – associated with myocardial 
infarction or CAD by previous GWASs – in a case–control design 
including 3,829 CHD cases and 48,897 control participants and 
a prospective cohort design including 30,725 individuals free of 
CVD. In prospective cohort analyses, the weighted PRS defined 
using the set of selected SNPs was significantly associated with a 
first CHD event. Furthermore, when compared with the bottom 
quintile of the PRS distribution, individuals in the top quintile 
shared a 1.66-fold increased covariates-adjusted risk of CHD. 
When focusing on its risk prediction capability, the PRS did 
not improve the C index over clinical risk factors but increased 

slightly the integrated discrimination index (p-value <0.001). 
Similar results were obtained from the case–control analyses.

MODeL ASSeSSMenT STRATeGieS

Once multivariate sets of SNPs, PRSs or risk stratification 
algorithms are defined on an initial cohort (training set), their 
accuracy in predicting the condition of new examples must be 
assessed on independent populations (test set). In the absence of 
independent cohorts, it is possible to rely on resampling strate-
gies like K-Fold Cross Validation (K-Fold CV) (19), holdout (70), 
and bootstrap (71). Several metrics are available to evaluate and 
compare the discriminative power of predictive models on the 
test set, based on the trait’s distribution (72, 73).

COnCLUSiOn

The goal of this review is to provide readers with an overview 
about the main multivariate methods that can be applied to the 
identification of informative genetic variants and to the definition 
of risk prediction tools in the context of CVDs. It is important 
to note that some methods described have been applied to 
intermediate phenotypes that could be considered precursors to 
their manifestation as cardiovascular traits, but these methods 
have not yet been applied to the analysis of cardiovascular traits. 
Their application to large CVD cohorts could lead to interesting 
findings.

Multivariate methods allow the identification of complex 
additive effects due to the presence of multiple genetic variants 
on specific loci or complex interactions among genetic and non-
genetic risk factors able to modulate the probability of developing 
a specific disease or its severity.

Still, the task of identifying informative combinations  of 
genetic variants by multivariate search strategies can be 
extremely computationally intensive due to the high number of 
models to be explored and, in many cases, to the impossibility 
of parallelizing the analyses. Missing values represent a common 
limitation to these approaches, although it could be partially 
solved by resorting to multivariate imputation methods. 
Furthermore, large sets of samples thoroughly characterized in 
terms of phenotype characteristics are needed in order to avoid 
overfitting issues and to increase the probability of defining 
models whose predictive performances can be confirmed in 
independent cohorts.
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Cascade screening is one of the more forceful demonstrations that molecular biology and 
genetics are not just a tool for researchers, but represent an important and by now essential 
component of good medical care.

– Peter J. Schwartz (1)

inTRODUCTiOn

There is much attention and excitement in the current health care environment on the potential 
of precision medicine based on a patient’s genomic data. Today, what arguably remains as one of 
the most valuable and informative genetic tests is that of predictive testing for a known familial 
pathogenic variant. Predictive genetic testing determines whether the pathogenic variant previously 
identified in an affected family member(s) is present or not in relatives at risk. Previous research has 
documented that affected individuals undergoing genetic testing cite obtaining genetic information 
for others as being the most important, if not the only, motivation for undergoing genetic testing 
(2). Predictive, cascade testing is able to separate at-risk relatives who require vigilant serial screen-
ing from those who do not. For those with the predisposition, clinical screening allows for early 
identification of the family’s phenotype, which when present, may require lifelong medical therapy, 
implantation of devices, and/or other types of medical management. Relatives who test negative 
for the familial variant can typically be released from lifelong screening. In addition, it is also then 
known that their children are not at increased risk for the family’s disease. This approach can save 
the health care system, and the family itself, thousands of dollars. Cascade screening is imperative 
with “high-stakes” cardiovascular conditions, such as familial hypercholesterolemia (FH), long 
QT syndrome (LQTS), and other inherited arrhythmias, as well as other heritable cardiovascular 
phenotypes, including cardiomyopathies and aneurysms, where there is an increased risk for sudden 
cardiac death and severe morbidities such as heart failure.

The value of cascade screening for highly penetrant cardiovascular (and cancer) phenotypes has 
been acknowledged by public health officials. The United States Centers for Disease Control Office 
of Public Health Genomics classifies cascade screening of at-risk relatives for certain conditions, 
FH being one, as a Tier 1 genomic application, meaning it meets the criteria for analytic and clini-
cal validity and utility and therefore has evidence supporting its implementation into practice (3). 
Cascade screening may include targeted genetic testing as well as clinical screening (e.g., lipid panel) 
of at-risk relatives.

This opinion provides a brief summary of research in this area and poses questions to facilitate 
future discussion regarding the potential for direct contact of at-risk relatives. As a practicing genetic 
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counselor in clinical genetic medicine for 14  years who has  
provided genetic counseling and testing to thousands of families 
with heritable cardiovascular and cancer conditions, it is my 
opinion that more could be done to provide assistance to probands 
for at-risk relative notification and that genetic counselors are in 
the ideal position to facilitate cascade testing and lead forward-
thinking research in this area (4).

CASCADE SCREEninG: WHERE  
ARE WE nOW?

Cascade screening is a mechanism for identifying people at risk 
for a genetic condition by a process of systematic family tracing. 
It should begin with first-degree relatives (parents, siblings, and 
children) and then extend to second- and third-degree relatives 
in a stepwise, cascade fashion, moving through the pedigree in 
sequential steps as additional family members are diagnosed until 
all at-risk relatives have been screened (5). Cascade screening for 
FH is a cost-effective method for identifying new cases of FH 
(6–8). Cascade screening in families with inherited arrhythmia 
syndromes has been shown to lead to immediate prophylactic 
treatment, including drug treatment or implantation of pacemak-
ers or cardioverter defibrillators (9). However, cascade screening 
is not effective unless at-risk relatives are first notified of their risk, 
the health implications of the inherited condition in their family, 
the availability of testing, with subsequent uptake. However, 
uptake of genetic counseling and predictive genetic testing has 
been shown to be inadequate (10). While there is support from 
payers, public health, and health care providers (HCPs) regarding 
the importance of cascade testing, how best to inform relatives of 
their risk and systematically implement cascade testing has yet to 
be determined.

Psychological, educational, geographical, and other barri-
ers exist to family communication of genetic risk information. 
Ethical factors and family dynamics, including maintenance of 
confidentiality and privacy, potential for psychological harm and 
genetic discrimination (i.e., life insurance), balancing the right 
“not to know” with “duty to warn,” among others, must be con-
sidered (11). The currently recommended approach for FH, made 
by the International FH Foundation, includes the following: (1) 
the proband’s HCP should construct a pedigree that facilitates 
identification of at-risk relatives who should be offered testing; 
(2) the HCP should discuss risk notification with the proband; 
and (3) the proband should be provided with written information 
that includes general information about the family’s condition, 
the benefit, and availability of preventive therapies, emphasizes 
health consequences without testing, and be encouraged to share 
this with relatives (12). This approach should be taken with 
other highly penetrant autosomal dominant conditions. In one 
study specific to inherited arrhythmias and cardiomyopathies, 
probands were asked to distribute “family letters” containing 
information on risks, genetic and other screening tests, and pre-
ventive options to relatives at risk. In this study, 57% of informed 
relatives underwent screening (80% in arrhythmia families; 45% 
in cardiomyopathy families), and this was statistically significant 

when compared to the group where no family letter was provided 
(35%). While such “family letters” increased the number of rela-
tives who presented for evaluation, over 50% in cardiomyopathy 
families and 43% overall of at-risk relatives had no documenta-
tion that they underwent cascade evaluation (13).

It has been suggested that it is not outrageous to expect that 
clinicians, once they have diagnosed a patient with a genetic 
arrhythmia, “track down” all at-risk family members and 
determine their genetic status (1). However, realistically, imple-
mentation of this approach is problematic since many health care 
systems do not support this type of family-centric care model. 
Specifically, a recent review presents health policy-related limita-
tions faced in the United States to effective implementation of 
cascade screening and includes (1) a low rate of reimbursement 
for comprehensive genetic counseling services; (2) an individual, 
versus family-centric, approach to prevention and insurance cov-
erage; (3) insufficient genetic risk assessment and knowledge by a 
majority of HCPs without genetics credentials; and (4) a shortage 
of genetics specialists (in rural areas especially) (14). In order 
to begin addressing and overcoming these challenges, research 
should be conducted demonstrating effectiveness of novel meth-
ods and tools that have the capacity to efficiently notify relatives 
of risk. These tools should provide education, offer support, and 
provide attainable next steps with calls to action so that probands 
can be assisted, and their relatives can understand their own risk 
and be supported to act on it.

DiRECT COnTACT in CASCADE 
SCREEninG: SHOULD WE TAKE A  
MORE ACTiVE AppROACH?

Different methods of informing relatives of risk exist including 
(1) proband, or family-mediated, contact; (2) proband, or family-
mediated, contact with assistance (provision of materials, such as 
a family letter or other written information aids, by the HCP to 
the proband); and (3) direct contact of at-risk relatives by the 
clinical service itself.

Research suggests that clinical providers may take an active 
approach and directly contact relatives to notify them of their risk 
without compromising privacy or autonomy, with significantly 
higher numbers of relatives whose genetic status is clarified for 
greater efficiency, and with high levels of acceptability (15–18). A 
thematic analysis of FH proband interviews found that probands 
believed they had insufficient authority or control to persuade 
family members to attend screening and that they welcomed 
greater assistance from the clinic for contact with relatives 
(19). Also in support of direct contact is increased accuracy, as 
errors may occur in proband-mediated transmission of genetic 
testing result information through families (20). However, a 
prior study found that FH patients who expressed a preference 
regarding cascading method favored indirect contact because 
they considered it less threatening to family members (21). A 
genetic counseling intervention study that offered direct contact 
to the index patient as a last option for assistance in informing 
at-risk relatives reported no uptake; only eight index patients 
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were offered this service, however, and none of the patients in 
this study had cardiovascular phenotypes (22). A recent literature 
review concluded that most studies support direct contact of 
relatives via letter mailed from the provider and that provider-
initiated communication more often resulted in relatives being 
tested compared to other methods of communication (16).

Regarding additional Tier 1 conditions, a prospective study 
of families with BRCA mutations associated with Hereditary 
Breast Ovarian Cancer syndrome compared proband-mediated 
contact to a direct contact intervention protocol that included 
a letter and subsequent phone call to at-risk relatives (17). 
This study concluded that the direct contact protocol nearly 
doubled the number of relatives tested and was also found 
to be psychologically safe. A direct contact study in families 
with Lynch syndrome, or hereditary non-polyposis colorectal 
cancer, demonstrated high approval in those who consented to 
participate, with a third of newly diagnosed mutation carriers 
having cancer identified in their first post-test colonoscopy. 
This type of data demonstrates acceptability of direct contact 
risk notification programs, as well as efficacy, feasibility, and also 
ethical responsibility.

From the perspective of those potentially at risk, a study con-
ducted in Australia assessing community members’ viewpoints 
showed that over 90% of respondents indicated their desire to be 
informed about a familial risk of FH and to be offered screening, 
with evidence of strong community support for direct contact by 
an FH clinic (23). The “right to know” must also be considered.

FUTURE DiRECTiOnS

Research evaluating genetic counseling interventions focused on 
strengthening family communication, the number of relatives 
informed of risk, and the impact on uptake of genetics services 
is ongoing and will help inform future efforts (22, 24). A rand-
omized controlled trial studying whether a specifically designed 
genetic counseling intervention that included telephone support 
up to three times post new genetic diagnosis showed no overall 
significant difference for the level of family communication 
between the intervention and control groups (25). In this study, 
the level of family communication was the highest for condi-
tions with appropriate treatments or active surveillance, such as 
LQTS and hypertrophic cardiomyopathy. While promising, the 
level still only reached ~30%. These data again beg the question 
regarding the potential role for direct contact, especially in “high 
stakes” conditions.

Most, if not all, of the research conducted to date specific to 
direct contact has been done outside the United States. Therefore, 
there is a real need for research to determine whether direct con-
tact methods would be acceptable to probands, at-risk relatives, 
and HCPs within the United States. How many probands might 
indeed welcome and appreciate this assistance and support and 
opt in to programs that work with and/or for them to assist in 
disclosure of risk information to relatives? This opinion piece 
does not propose that we break probands’ confidentiality and 
throw privacy to the wind. Instead, it hopes to promote additional 

conversation and brainstorming that may lead to the develop-
ment and testing of innovative models of care for probands with 
highly penetrant, yet manageable conditions. The ultimate goal is 
that we will have greater impact in our work with these families 
where there are clear risk-reducing interventions. Probands and 
family members should be engaged in shaping these models and 
the research testing them, starting now!

The next question becomes, what is feasible now in the land-
scape of our current health care system? Can we systematize the 
collection of informed consent from probands to directly share 
their protected health information with relatives for which they 
provide the clinic contact information? Can we offer probands 
active assistance in family communication of genetic risk infor-
mation? In the pediatric setting, is there a role for standardized 
direct contact of HCPs caring for the at-risk children in our 
pedigrees with FH, other Tier One conditions, and beyond? 
This may be a service welcomed by the affected parent proband, 
who may appreciate greater assistance in coordination of care 
for their at-risk children and other pediatric members of their 
family.

Advances in web-based technologies and novel models for 
the delivery of genetic counseling may be able to bring cascade 
testing more effectively and efficiently to larger numbers of at-risk 
relatives. For example, home-based online genetic counseling 
sessions for cardiovascular genetic cascade screening can be 
effective (26), allowing at-risk individuals to access their genetic 
risk information at the time of their choosing and without having 
to travel to a hospital or clinic, a barrier mentioned previously. 
In addition, interactive e-learning and decisional support e-tools 
available via informative websites and mobile applications have 
been used in pre-test genetic counseling with high knowledge and 
satisfaction, leading toward the “e-informed” patient (27). Mobile 
health applications have been shown to result in more “activated” 
patients – defined as individuals who believe their roles are impor-
tant, that they have the confidence and knowledge needed to take 
action, and that they can engage in health-promoting behaviors 
(28), such as predictive genetic testing. Probands with higher 
activation may lead toward more at-risk relatives notified of their 
risk. In turn, e-learning information, such as an informational 
video about the family’s inherited cardiovascular disease, could 
then be delivered to relatives, who may then become activated 
themselves to pursue cascade testing.

The power of preventive genetic and genomic information is 
real – that is not the question. How to ensure this information 
gets into the hands of all that need it, including children, however, 
needs more active attention.

In conclusion, a powerful quote from Newson and Humphries 
(11): “Our biology does not stop: the risk of developing coronary 
heart disease as a consequence of FH will still be present, even if 
relatives live in ignorance.”
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Inherited cardiovascular (CV) conditions are common, and comprehensive care of affected 
families often involves genetic testing. When the clinical presentations of these conditions 
overlap, genetic testing may clarify diagnoses, etiologies, and treatments in symptomatic 
individuals and facilitate the identification of asymptomatic, at-risk relatives, allowing
for often life-saving preventative care. Although some professional society guidelines
on inherited cardiac conditions include genetic testing recommendations, they quickly 
become outdated owing to the rapid expansion and use of such testing. Currently, these 
guidelines primarily discuss the benefits of targeted genetic testing for identifying at-risk 
relatives. Although most insurance policies acknowledge the benefit and the necessity of 
this testing, many exclude coverage for testing altogether or are vague about coverage 
for testing in probands, which is imperative if clinicians are to have the best chance of 
accurately identifying pathogenic variant(s) in a family. In response to uncertainties about 
coverage, many commercial CV genetic testing laboratories have shouldered the burden 
of working directly with commercial payers and protecting patients/institutions from out-
of-pocket costs. As a result, many clinicians are unaware that payer coverage policies 
may not match professional recommendations for CV genetic testing. This conundrum 
has left patients, clinicians, payers, and laboratories at an impasse when determining the 
best path forward for meaningful and sustainable testing. Herein, we discuss the need 
for all involved parties to recognize their common goals in this process, which should 
motivate collaboration in changing existing frameworks and creating more sustainable 
access to genetic information for families with inherited CV conditions.

 
 

Keywords: genetic testing, insurance coverage, cardiovascular genetics, preventative care, access barriers, 
cascade testing

iNtrODUctiON

Inherited cardiovascular (CV) conditions include arrhythmias, cardiomyopathies, aortopathies, and 
dyslipidemias. These conditions affect more than 1 in 200 individuals, and several of them have 
considerable phenotypic overlap. Therefore, comprehensive care of affected patients and families 
often involves multi-gene panel-based genetic testing, which can clarify diagnoses and etiologies. 
Since becoming available in the early to mid-2000s, panel-based CV genetic tests have seen widening 
clinical adoption. The range of conditions covered by current commercial CV genetic testing and the 
number of genes included in analyses have also expanded exponentially.
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Advances in CV diagnostics have spurred changes for insur-
ance companies, genetic testing laboratories, and professional 
cardiology societies, which have created coverage policies, devel-
oped expanded panel-based tests, and formulated care guidelines, 
respectively. However, the question of who pays for CV genetic 
testing is ongoing and relates to both the applicability of genetic 
testing in probands and at-risk relatives and the need for sustain-
ability in laboratory services and payer policies.

Herein, we review the current status of genetic testing guidelines 
for inherited CV conditions and the roles of payers and genetic test-
ing laboratories in providing access to testing for affected families. 
We also discuss the inconsistencies among clinical approaches, 
professional society guidelines, payer policies, and laboratory 
practices that have influenced this access. Finally, we highlight the 
shared goals of all stakeholders and discuss how these overlapping 
interests are a starting point on the path to sustainable, accessible 
genetic testing for patients with inherited CV conditions.

HistOrY OF cv GeNetic testiNG

Although genotype–phenotype correlations remain in their 
infancy in CV genetics, genetic test results can have key impacts 
on patient care and management by clarifying clinical presentation 
and etiology, aiding decision-making about surgical procedures, 
and guiding medication selection and surveillance strategies. For 
example, long QT syndrome subtyping (for types 1, 2, and 3) 
provides some indication of both responsiveness to certain treat-
ments and the presence of higher-risk situations that may trigger 
cardiac events. In cardiac hypertrophy, genetic testing can identify 
underlying causal conditions (e.g., Fabry disease, Danon disease, 
Pompe disease, transthyretin amyloidosis). Alfares et al. (1) found 
that 3% of hypertrophic cardiomyopathy (HCM) patients who 
underwent genetic testing had an undetected syndromic disease 
that presented an opportunity for more effective treatment (e.g., 
enzyme replacement therapy in Fabry disease). Earlier clarification 
of cardiomyopathy etiology through genetic testing in children, in 
which metabolic causes are much more frequent, can also improve 
treatment outcomes. When cardiomyopathies are associated with 
conduction disease or higher arrhythmogenic potential, the 
increased likelihood of changes in certain genes (e.g., SCN5A, 
LMNA) warrant closer surveillance and specific intervention from 
a cardiac electrophysiologist and a heart failure/cardiomyopathy 
specialist (2). Moreover, in the case of overlapping aortopathies 
(Marfan syndrome versus Loeys–Dietz syndrome), genetic test 
results can guide the timing of surgical intervention, which differs 
based on the etiology of aortic disease (3). The risks for recur-
ring aortic aneurysms/dissection, the most vulnerable portions 
of the aorta, and the involvement of additional vasculature also 
vary according to etiology; therefore, genetic testing can guide the 
choice of imaging method and frequency of ongoing surveillance.

Until recently, long turnaround times  –  typically 
8–12 weeks – could be expected for CV genetic tests. Therefore, 
the results have generally been less routinely useful for planning 
immediate patient care. Furthermore, CV genetic test results may 
not have direct management implications for the individual tested. 
Often, the primary benefit of CV genetic testing comes in uncov-
ering pathogenic variants in probands that can then be used for 

targeted genetic testing to identify at-risk family members (cascade 
screening) and plan their surveillance and, equally important, 
reduce risk in family members to the population baseline when 
they test negative for variants. Early diagnosis of hereditary CV 
conditions improves outcomes; therefore, early identification of 
at-risk family members improves outcomes as well.

Historically, CV genetic testing has been covered only spo-
radically by insurance and has been cost prohibitive for patients. 
The ability to direct family cardiac screening is valuable for both 
patients and payers, but this reason alone is not always a convinc-
ing argument for why payers should cover testing for probands. 
For example, Medicare specifically prohibits the genetic testing of 
both affected patients and asymptomatic at-risk family members, 
if the test will benefit individuals other than Medicare patients 
themselves.

PrOFessiONAL GUiDeLiNes FOr cv 
GeNetic testiNG

Practice guidelines drafted by professional cardiology and 
genetics societies aim to provide patient care recommendations 
(evidence-based, when possible) that lead to the best clinical 
outcomes. The guidelines for the inherited arrhythmias and 
cardiomyopathies currently address genetic testing most thor-
oughly. These guidelines were published in 2009 by the Heart 
Failure Society of America (4) and in 2011 by the American 
College of Cardiology Foundation/American Heart Association 
(ACCF/AHA) (5) and the Heart Rhythm Society/European Heart 
Rhythm Association (HRS/EHRA) (2).

Genetic testing is a class I recommendation (“is recom-
mended”) in probands for just 5 of the 13 conditions covered in the 
HRS/EHRA document, including individuals with strong clinical 
suspicion of long QT syndrome, catecholaminergic polymorphic 
ventricular tachycardia, HCM, and dilated cardiomyopathy in the 
presence of conduction disease or a family history of premature 
unexpected death, as well as individuals who have survived an 
out-of-hospital cardiac arrest when a specific channelopathy 
or cardiomyopathy is suspected. However, cascade testing for a 
pathogenic variant, previously identified in a family proband, is a 
class I recommendation for all but 1 of the 13 conditions included.

The available professional guidelines are sometimes inconsist-
ent. For example, unlike the HRS/EHRA statement described 
above, the ACCF/AHA guidelines for HCM recommend genetic 
testing only for probands with atypical presentations that raise 
suspicion of an underlying syndromic etiology. For all other 
individuals with HCM, the guidelines classify genetic testing as a 
class II recommendation (“is reasonable”), specifically to facilitate 
the identification of at-risk family members (5).

Unlike the National Comprehensive Cancer Network 
guidelines for oncology, which are updated annually to provide 
recommendations for genetic testing, the guidelines provided 
by professional societies in CV medicine are updated too infre-
quently to serve as comprehensive recommendations for patient 
management. In addition, the National Comprehensive Cancer 
Network guidelines are highly specific about the genes to test and 
how the results of testing will influence management and sur-
veillance of the proband undergoing testing. A lack of available 
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clinical data on the use of genetic testing to improve long-term 
outcomes in patients with inherited CV conditions means that 
much of the professional guidance for cardiac genetic testing is 
based on expert opinion and experience rather than accumulated 
evidence. As such, the NCCN guidelines are closely followed by 
many major payers, unlike the current cardiology recommenda-
tions, which are rarely consistent with insurance coverage policies 
and may be considered insufficient by payers for determining 
which tests and which individuals to cover in affected families.

The American College of Medical Genetics and Genomics has 
published a “must-report” guideline related to clinically useful 
pathogenic test results of whole-exome or whole-genome analysis 
(6). The guideline specifies 56 genes for which findings are impor-
tant for all patients to know and should be conveyed by clinicians 
even if they are secondary to a patient’s original indication for 
genetic analysis. This guideline underscores the value of genetic 
information for clinicians engaged in patient care and their desire 
to use genetic test results to guide the care they provide. Thirty-
one of these genes are related to cardiac conditions; however, 
commercial payers do not cover genetic testing for some of these 
genes, even in probands suspected of having the condition.

PAYer POLicies

Payer policies are driven by the goal of providing quality health 
care to all clients in a sustainable, cost-effective way. The down-
stream cost savings of initiating appropriate genetic testing in 
a family proband with cardiomyopathy followed by targeted 
genetic testing in related family members are considerable (1, 
7, 8). These savings occur when relatives who did not inherit a 
known familial pathogenic variant can be released from further 
cardiac surveillance, and the testing and intervention recommen-
dations for at-risk family members can be refined and optimized. 
However, evidence of these cost savings has not yet translated to 
wider payer coverage for genetic testing in probands.

Coverage policies for CV genetic testing are inconsistent 
among payers. When policies do include panel testing, different 
payers sometimes cover testing for different genes for the same 
condition. Because professional guidelines do not offer up-to-
date, gene-specific, evidence-based guidance, it is unclear who is 
selecting the genes to be covered and what information is guiding 
or informing the selections.

For clinicians and families, these inconsistencies impede effi-
cient decision-making and delivery of care. Written policies on 
medical necessity for specific CV conditions are often unavailable, 
which means that clinicians and patients have no assurance that 
genetic testing will be authorized or covered. This lack of specific 
documentation exists even for Medicare/Medicaid policies, in 
which coverage details for non-oncology genetic testing rarely 
exist and, when present, are tied to medical necessity. Medical 
necessity often remains undetermined by payers until a claim is 
submitted, and the expectations of patients and clinicians about 
the medical necessity of testing often differ significantly from the 
definitions adhered to by payers.

Even when CV genetic testing is covered, clinical decisions are 
further complicated by the extent of coverage provided. In many 
cases, payers cover only testing deemed medically necessary for 

the individual covered. Familial probands must undergo genetic 
testing to determine the underlying genetic cause of an inherited 
CV condition before cascade testing can begin. Until then, at-risk 
family members whose genetic testing is medically necessary and 
covered by insurance cannot obtain authorization for testing. 
Coverage denials based on medical necessity in probands create 
obstacles for both determining the underlying genetic cause of 
a familial CV condition and allowing at-risk family members 
to take advantage of genetic testing that is covered under their 
policies. Coverage/no-coverage combinations within affected 
families can become ongoing catch-22s in the management of 
life-threatening health conditions.

To the best of our knowledge, only one policy, from the com-
mercial payer Aetna (9), successfully navigates the murky waters 
of proband/at-risk relative coverage for genetic testing. This 
policy states that the payer will cover oncologic genetic testing 
for a non-member familial proband whose own insurance has 
denied coverage, if the results are needed to pursue the medically 
necessary targeted testing of a covered at-risk family member. 
How often this coverage clause is used or honored, and what 
mechanism the payer has established to extend such coverage are 
unknown, but this example may be a model for consideration 
in CV genetics, in particular, because the primary benefit of most 
CV genetic tests is the identification of at-risk relatives.

cOMMerciAL LABOrAtOrY BiLLiNG 
POLicies

Genetic testing laboratories aim to provide quality, maximally 
accessible genetic testing to patients and clinicians. Costs and 
payment processes for genetic testing are generally dictated by 
the method in which tests are ordered and billed. Institutional 
billing, in which an institution (hospital) pays the laboratory 
performing the test and then bills and collects the payment from 
both the patient’s insurance and the patient, is the only option 
for some clinicians. Other institutions do not allow clinicians to 
use institutional billing, and instead, require them to work with 
laboratories that can bill payers directly.

Laboratories that cannot bill insurers directly may require that 
all orders be handled by an institutional billing process at the 
clinician’s facility. To cover the costs associated with billing and 
collecting from both patients and payers, institutions in so-called 
mark-up states may charge more for testing. Figure 1 demonstrates 
the complexity of current billing processes for genetic testing.

Many commercial laboratories that bill patient insurance 
companies directly also devote customer service resources to 
payment planning or cost reductions for qualifying patients who 
sometimes bear significant out-of-pocket costs despite having 
insurance coverage. However, these additional services may be 
unavailable to patients with non-commercial insurance and are 
advantageous only to clinicians who can send samples directly to 
testing laboratories.

Cost often emerges as a key factor for patients in deciding 
whether to pursue testing recommended by their clinicians. 
Having laboratories take responsibility for billing and coverage/
cost determination has increased both patient access and clinician 
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FiGUre 1 | Billing and payment pathways for genetic testing. *Pretest insurance work includes benefits investigation, pre-certification, prior authorization, and 
discussion of costs with patients.
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utilization of CV genetic testing but has not necessarily improved 
insurance coverage for these tests. Furthermore, taking these 
processes out of the hands of clinicians has created a situation 
in which genetic testing stakeholders do not always realize that 
treatment decisions, professional guideline recommendations, 
and payer coverage policies are misaligned.

cHALLeNGes iN tHe cv cLiNic

The disconnect between practice guidelines and coverage poli-
cies presents barriers to the timely and effective provision of care 

to patients with inherited CV disorders. Patient confusion can 
arise when testing that clinicians call “recommended” is consid-
ered “experimental” or “investigational” by payers. With vastly 
different payer policies or no clear policy to rely on, clinicians 
have difficultly determining whether patients can proceed with 
genetic testing and, if so, when testing can take place and what 
out-of-pocket expenses will be incurred (e.g., which tests are 
covered and which are not and which billing process – the insti-
tution’s or the laboratory’s – will yield the lowest out-of-pocket 
expense). The time required to find answers to these questions 
could be better spent counseling patients, and the delays in 
testing that occur while insurance policies are being clarified 
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FiGUre 2 | shared goals of clinicians, payers, genetic testing 
laboratories, and professional cardiology and genetics societies are 
starting points for the development of sustainable genetic testing 
practices for patients with inherited cardiovascular conditions.
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can create added concern for patients facing potentially serious 
diagnoses.

Furthermore, clinicians are inadequately trained to advise 
patients about the implications of various billing policies, and their 
lack of expertise may introduce legal liabilities. Few clinicians can 
differentiate among a pre-verification, a pre-determination, and 
a pre-authorization, for example, and even if they can, obtaining 
these clearances from payers often does not guarantee coverage. 
Discussions about expense are appropriate and necessary in deci-
sions about patient care and management. However, compared 
with other routinely ordered medical tests (e.g., echocardiogram, 
electrocardiogram, magnetic resonance imaging) in cardiology 
clinics, orders for genetic testing frequently require clinicians 
to take a more prominent financial/insurance counseling role 
because uncertainties about coverage put cost at the center of 
diagnosis and treatment decisions.

In some cases, clinicians may alter the genetic testing strategy 
in a family based on the type of insurance coverage available for 
the required test – for example, selecting a different relative with 
a better insurance situation for testing. Gathering and assessing 
all of the necessary documentation to make decisions about 
testing logistics has the potential to be a complicated process 
that prevents some patients from receiving recommended and 
appropriate CV genetic testing in a timely manner.

PAtH FOrWArD

Genetic testing in the management of inherited CV conditions 
is here to stay. Its utility in the care of families with inherited 
CV conditions has been established, and genotype–phenotype 
correlations will likely become more refined as sequencing 
technologies advance. Therefore, the establishment of clear 
professional guidelines and consistent payer policies is crucial if 
affected families are to benefit from the availability of accurate 
and effective testing. To make recommendations and coverage 
work hand in hand, payers, laboratories, clinicians, and profes-
sional CV and genetics societies must collaborate and recognize 
their shared goals in caring for these patients (Figure 2).

Because all stakeholders agree that cascade testing can improve 
outcomes through early identification of individuals at risk for 
inherited CV conditions, the key issues are primarily those about 
coverage and billing. Should a family member’s insurance policy 
pay for CV genetic testing in a proband in some scenarios, as 
exemplified by the Aetna policy described above? If so, insurers 
must collectively determine what policy clauses or mechanisms 
are required to ensure that patients can benefit regardless of the 
coverage combinations within their families. Input from profes-
sional organizations – perhaps through more frequent updating of 
published CV genetic testing practice guidelines – is likely to help 
in standardizing the types of tests clinicians order and payers cover.

In the meantime, if billing continues to be handled by labora-
tories, clinicians should collect data about which tests are being 
covered and denied to improve responsible ordering practices. 
Many clinicians prefer laboratory billing because it saves time, and 
owing to laboratory-based customer service resources, this path 
often provides assurance that patients will not see unexpected bills. 
However, if this billing arrangement is not ensuring coverage and 

hides gaps in coverage, it will neither provide sustainable patient 
access to testing nor help clinicians advocate for changes in payer 
policies. Clinicians must recognize opportunities for engaging 
with the billing process and educating payers and guideline writers 
on the need for and applications of CV genetic testing.

From a health economics standpoint, available data suggest 
that genetic testing can provide cost savings (1, 7, 8). However, 
additional data are needed to demonstrate its cost-effectiveness. 
Also needed are specific, up-to-date practice guidelines backed by 
appropriate cardiology and genetics societies (e.g., HRS, ACCF, 
AHA, National Society of Genetic Counselors, American College 
of Medical Genetics and Genomics) to encourage appropriate 
guideline implementation and reduce misdirected use of genetic 
testing, which drives up health-care costs for payers without 
benefiting patients and families. These could be frequently 
re-evaluated, making any necessary updates or changes, akin 
to the process followed by the National Comprehensive Cancer 
Network for the Clinical Practice Guidelines in Oncology 
regarding Genetic/Familial High-Risk Assessment. Discussions 
between clinicians and payers about coverage will be critical as 
the costs of genetic testing decrease.

The current landscape of CV genetic testing is complex and 
involves stakeholders with different purposes, constraints, and 
scopes of care. No single entity can resolve the current challenges 
alone, and all parties must understand each other’s points of view 
and recognize opportunities for clearing the path toward more 
effective and accessible genetic testing coverage. For example, cli-
nicians are well positioned to partner with payers to help conduct 
necessary research about the clinical utility of currently available 
CV genetic testing and cost-effectiveness of cascade screening, 
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and professional societies are uniquely positioned to update 
and maintain consensus testing guidelines that can inform both 
clinicians and payers. Only through such collective understand-
ing and discussion will processes and policies emerge that both 
safeguard clinician and patient access to testing and guarantee 
sustainability for laboratories and payers.
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