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Abstract

Purpose of Review Knowledge of genetic etiologies for
inherited cardiovascular disease has expanded in recent
years giving providers the potential to tailor medical
management and family screening based on a patient’s
genotype for some conditions. This paper highlights recent
advances in Mendelian inherited cardiovascular disease
such as Marfan syndrome, hypertrophic cardiomyopathy,
and familial hypercholesterolemia.

Recent Findings Genetic testing has gone through a rapid
evolution thanks to technological advancements in
sequencing technology. The combination of increased
utility and decreased cost is lowering the barriers for test-
ing. Development of next-generation panels and whole-
exome and whole-genome sequencing allows for broader
testing and, in some cases, gene discoveries. Genetics is
fueling growth in pharmacogenetics and complex disease
research and has even led to novel therapeutics and new
indications for old therapeutics.

Summary The integration of clinical genetic testing into
patient care is becoming increasingly common as the field
expands and more institutions adopt the practice. The
interpretation of genetic testing results can be complicated
as there are a wide range of tools to determine the
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pathogenicity of a DNA variant identified in a patient. The
psychological impact of genetic counseling necessitates
pre- and post-test genetic counseling.

Keywords Inherited cardiovascular disease - CVD -
Hypertrophic cardiomyopathy - HCM - Cardiovascular
genetics - Long QT

Introduction

Cardiovascular disease has been the leading cause of death
in America every year since 1900 except 1918, the height
of the great influenza pandemic. While most cardiovascular
diseases remain unexplained (idiopathic), genetic etiolo-
gies to Mendelian cardiovascular diseases (CVDs) have
been widely established, including hypertrophic car-
diomyopathy (HCM) [1¢], familial hypercholesterolemia
(FH) [2°], arrhythmias such as long QT syndrome (LQTS)
[3¢], and aortopathies such as Marfan syndrome [4¢]. When
considered together, approximately 7.5/1000 individuals
have the potential for a Mendelians form of CVD
(Table 1). Like the examples above, many inherited CVD
conditions have autosomal dominant inheritance patterns,
meaning that all first-degree relatives of a proband have a
50 % chance of having a DNA variant that predisposes
them to the condition.

Research into the molecular genetics of CVD has pro-
vided scientists and clinicians the background necessary to
develop new therapeutics and treatment algorithms [5].
Understanding the genetic basis of disease has led to novel
therapeutics (PCSK9 inhibitors for FH), novel applications
for established drugs (losartan for Marfan syndrome), and
targeted therapies for particular genetic defects (e.g., beta
blockers vs sodium channel blockers for subtypes of
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Table 1 Current genetic testing options for inherited CVD

Clinical CVD Prevalence Inheritance  Detection rate Genes

Pan cardiomyopathy - - - 79+

Hypertrophic cardiomyopathy 17250 [1°] AD 30-60 % [79] 274+

Dilated cardiomyopathy 1/2700 [80] to 1/250 [81] AD 40 % in familial cases [82] 36+
(2040 % cases familial)

Left ventricular non-compaction Unknown AD 20-25 % [83] 8

Pan arrhythmia - - - 29+

Catecholaminergic polymorphic ventricular tachycardia 1/10,000 (estimated) AD 50-62 % [69] 6

Arrhythmogenic right ventricular dysplasia 1/1000 [84] AD 40 % [85] 8

Long QT syndrome 1/2000 [86] AD 70-75 % [87] 12+

Brugada syndrome 1/8333 [88] AD 2641 % [89] T+

Familial thoracic aortic aneurysms and aortic dissections 20 % of TAAD cases [90] AD 36 % [91] 15+

Marfan syndrome 1/5000 [92] AD 90 % [93] 1

FH panel 1/200 [94] AD/AR 60-80 % for probable FH 3+

[95]
Exome for inherited CVD - - 28 % [96] exome

Total prevalence of all inherited CVD conditions

0.75 % or 7.5/1000

LQTYS) raising the hope of preventatively treating patients.
Initiation of treatment before clinical manifestation
(genotype positive, phenotype negative) has the potential to
alter disease progression.

Importantly, the age of personalized medicine is rapidly
dawning as epitomized by policy statements of the Presi-
dent of the United States thrusting genetics into the
national spotlight [6]. Cardiovascular genetics is on the
frontier of personalized (or precision) medicine. Advances
in clinical genetic testing now allow refinement in diag-
nosis, management, treatment, and family screening based
on genotype. Large-scale data sharing and reduced cost of
genetic testing may facilitate unprecedented opportunities
for clinical impact in patients with identified CVD. Edu-
cational institutions have responded by providing advanced
degrees in genetic counseling, a field which has seen a
75 % increase in genetic counselors over the last decade.
[7].

The current goals for clinical genetic testing are to aid
diagnosis, inform medical management, and guide family
screening. Conditions like Marfan syndrome, and LQTS,
diagnosis, and/or treatment are partly guided based on the
patient’s genotype. In the coming era of personalized
medicine, the care team may tailor management and family
screening based on a patient’s genotype. Advances in care,
progress in clinical diagnostics, and attention to genetic
counseling have significantly reduced the barriers to access
for patients, most specifically reducing costs of screening
and care [8, 9]. However, with increased opportunity
comes increased responsibility to patients including variant
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interpretation, patient privacy, and informed consent dur-
ing this data-driven era.

In this chapter, we first introduce the importance of pre-
and post-test genetic counseling. Then we discuss the
current use of genetics in cardiovascular clinical care,
which is still mostly centered on the use and interpretation
of limited gene panels. We then discuss how technological
advances are allowing the use of high-throughput
sequencing methods and highlight the role of genetic
testing in diagnosing medical mysteries. We will briefly
touch on an issue that will likely become more important
over the next few years: the uses and limits of pharma-
cogenomics. Finally, we will provide a guide for using
genetic testing in clinical applications and highlight cau-
tionary tales from the field.

Clinical Significance of Genetic Counseling

Genetic counseling is essential pre and post genetic testing
[10°] (Fig. 1). During a pre-test visit, a genetic counselor
will construct a detailed three-generation family history
(pedigree) which will serve as the basis for family
screening recommendations and yield subtle hints to dis-
ease in other family members such as syncope, or unex-
plained death in the family or relevant autopsy findings
from relatives. Ultimately, the goal is to provide a risk
assessment for the patient and their family. A genetic
counselor will review benefits, limitations, and implica-
tions of genetic testing (such as insurance discrimination)
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Fig. 1 Incorporation of genetic testing in clinical care

to help the patient make an informed decision [11]. A solid
psychosocial assessment, short-term patient-centered
counseling, psychological support, and crisis interventions
are some of the services genetic counselors can provide to
patients and family members with an inherited CVD [12].
Post-test genetic counseling allows for a better under-
standing of the genetic test results and family screening
recommendations. Currently in the USA, physicians and
genetic counselors are not able to directly contact family
members due to HIPAA regulations. Therefore, a letter
from a genetic counselor summarizing family screening
recommendations and genetic testing options can serve as a
remarkable tool for family members to discuss a diagnosis
with each other and their local care providers [13].
Genetic counselors are well versed in the wide range of
genetic testing options for patients with inherited CVD and
assure the test with the highest yield is ordered. In an era of

ever-expanding databases which aid in variant interpreta-
tion, genetic counselors will also help the providers and the
patients make accurate conclusions from genetic testing.

From the administrative perspective, a consult with a
genetic counselor is a billable encounter [14¢]. Depending
on the center, reimbursement can cover most of the costs of
a genetic counselor. Given the positive impact of genetic
counseling on patient care, clinics caring for inherited CVD
should utilize a genetic counselor.

Genetic Basis Cardiovascular Diseases
The first DNA variants implicated in cardiovascular dis-
ease date to 1973 when Brown and Goldstein discovered

that variants in LDLR cause FH [15]. Sanger sequencing
was developed soon after which allowed for simple and
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rapid sequencing of single genes [16]. The mid-1980s and
early 1990s saw the full dawning of cardiovascular
genetics with the identification of genes known to cause
HCM, LQTS, and Marfan syndrome. Advances over the
last 25 years have resulted in multiple guidelines which
now recommend the integration of genetic testing in clin-
ical care (FH—[2e, 17¢, 18¢]; HCM—[19°]; LQTS—
[20ee]; Marfan—[21°¢]), and in 2013 major insurer Cigna
adopted policies to insure genetic testing and to ensure that
patients receive genetic counseling prior to testing [22]. A
few examples will highlight the current roles of genetic
testing in clinical settings and subtle differences that come
from comparing and contrasting Marfan syndrome, HCM,
and FH.

Marfan Syndrome and Aortopathies

The evolution of aortopathy genetic testing took a rapid
and historic course. The discovery of the fibrillin-1 protein
[23] was followed by immunohistochemical evidence of
fibrillin-1’s role in patients with Marfan syndrome [24].
Specifically, linkage analysis has allowed localization of
the FBNI gene to 15q21.1 and further analysis identified
multiple patients and families with defects in the FBNI
gene [25-27]. Within 5 years of its discovery, FBNI
genetic testing connected research to clinical application.
In the years since, our interpretation of DNA variants in
FBNI has changed dramatically. For example, cysteine
substitutions in conserved cbEGF-like domains in the first
15 exons of the FBNI gene often lead to more severe
syndromic cases including ectopia lentis (lens dislocation)
as a feature, and variants in exons 25-33 are more com-
monly associated with a more complex and severe clinical
picture and younger onset. Marfan syndrome and variants
that lead to loss of function of the fibrillin-1 protein often
have less systemic involvement [28, 29]. Knowledge
gained from protein domains, interactions, and function has
also aided in variant interpretation. Recent papers have also
suggested that the type of DNA variant may also affect
how well a patient will respond to treatment [30e].
Approximately 85 % of patients with Marfan syndrome
will have an identifiable DNA variant in FBNI.
Efficiencies in next-generation sequencing have fueled
gene discovery. Genes have been associated with syn-
dromic conditions (Loeys—Dietz syndrome) and non-syn-
dromic familial thoracic aortic aneurysm and thoracic
aortic dissection (FTAAD), which led to important dis-
tinction in disease course and medical management. For
example, patients with ACTA2 DNA variants are more
likely to present with acute dissection than patients with
Marfan syndrome and one-third of individuals with ACTA2
variants dissected at dimensions smaller than 5.0 cm [31],
which is the recommended surgical threshold for Marfan
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syndrome, but too liberal for patients with ACTA2 variants.
These observations have propelled surgeons to modify the
standard of care and customize surgical thresholds based
on the patients’ underlying genetic etiology [4¢]. Typically,
surgical thresholds increase from the smallest to the largest
aortic diameters based on variations in the following genes:
SMAD3 = ACTA2 < TGFBRI1/2 < FBNI  [21-s]. The
ACC’s 2010 guidelines for diagnosis and management of
patients with FTAAD recognize that genetic testing pro-
vides the potential for early identification of individuals at
risk. The guidelines recommend that patients with a family
history of thoracic aortic aneurysms and dissections should
undergo genetic testing. Approximately 20 % of patients
with this history will have an identifiable DNA variant in
one of a host of genes. Based on these results, first-degree
relatives might further undergo genetic counseling and
testing to determine who in the family is at risk and needs
routine cardiovascular screening. Genetic testing is the
standard of care for Marfan syndrome [21¢°].

Hypertrophic Cardiomyopathy (HCM)

Hypertrophic cardiomyopathy (HCM), an autosomal
dominant genetic disorder of left ventricular hypertrophy,
leading to an increased risk of sudden cardiac death and
heart failure, is largely caused by DNA variants in sar-
comere genes like MYBPC3 and MYH7 [32]. Previous
estimates of 1/500 frequency of HCM may underestimate
the true incidence which may be as high as 1/200 [1¢].

Approximately 50 % of individuals with a diagnosis of
HCM harbor an identifiable disease-causing DNA variant
[19+¢] which can be identified using a multigene panel
available from multiple labs. Identification of a disease-
causing DNA variant allows family members to determine
their relative risk for developing HCM and in some cases
their risk for sudden cardiac death. Identifying family
members at risk to develop HCM has allowed us to identify
gene carriers who are at risk to develop HCM, but currently
lack clinical signs or symptoms. This is especially impor-
tant since evidence shows that gene carriers that have no
clinical symptoms are still at increased risk [33]. Genetic
testing for HCM is the standard of care and guidelines such
as the 2011 ACCF/AHA guidelines for HCM recommend
clinical screening of first-degree relatives and genetic
testing in cases in which a DNA variant is identified in a
proband [19e]. The last few years have shown a dramatic
decrease in the out-of-pocket costs for genetic testing
thanks to professional guidelines and clinical implications
making it available at little or no cost to the patient (www.
ncbi.nlm.nih.gov/gtr/).

As more probands are being genetically identified prior
to symptom development, care providers are able to closely
monitor the patient and detect subtle signs of the condition
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and treat early. Clinical trials are now targeting the so-
called “genotype-positive, phenotype-negative” patients in
the hopes of preventing the onset of symptoms. Currently,
the VANISH clinical trial for patients with HCM is
enrolling such patients in hopes the intervention will pre-
vent the onset of HCM (ClinicalTrials.gov identifier:
NCT01912534) [34]. If this is successful, predictive
genetic testing for HCM would be given a whole new
utility: the hope of prevention.

Familial Hypercholesterolemia (FH)

FH is an autosomal dominant genetic disease that leads to
lifelong severe elevations in low-density lipoprotein
cholesterol (LDL-C) and markedly increases the risk of
coronary artery disease (CAD) versus that of the general
population [2¢]. FH has a rich history, including the Nobel
Prize-winning work of Goldstein and Brown who identified
the causal role of the LDL receptor protein in FH [35].
Later, pathogenic variants in the LDLR gene [15] and the
APOB gene [36] were identified as causal for FH. More
recently, the near-simultaneous observation that “activat-
ing” pathogenic variants in PCSK9 cause FH [37], while
loss-of-function variants in PCSK9 cause low levels of
LDL-C and CAD [38] led to the development of antibody-
based PCSKO9 inhibitors [39]. The marked LDL-C-lowering
effect led to FDA approval of PCSK9 inhibitors for
patients with FH and for non-FH patients with established
CAD [40]. In addition, rare mutations in the LDLRAPI,
ABCGS5/ABCGS, and STAPI genes have also been identi-
fied to be associated with autosomal recessive or dominant
FH [41-43].

Similar to HCM, the classic estimates placed the
prevalence at 1/500, but recent studies suggest that FH is as
common as 1/200 and even more common in founder
populations such as French Canadians and South African
Jews [18e, 44-46, 94]. Thus, FH is the most common
inherited CVD. When FH is identified and treated early
enough with statin-based regimens, morbidity and mortal-
ity can be reduced by 76 % [47]. Unfortunately, fewer than
10 % of individuals with FH in the United States are
diagnosed [18¢]. Thus, FH is a prime example of a con-
dition where enhanced screening efforts, especially cas-
cade-based family screening, coupled with intervention
could potentially save thousands of lives and millions of
dollars. For this reason, the CDC has a Tier 1 recommen-
dation for the use of genetic/genomic information (which
may include genetic testing) in cascade screening efforts.
Although not the case in the United States currently,
genetic testing for FH is the standard of care in many
European countries and evidence from several of these
countries suggests that incorporating genetic testing into
family-based cascade screening efforts improves the “pick-

up” of diagnosis among family members [17¢, 44, 48]. In
fact, a nationwide opportunistic screening program based
around genetic testing has proven successful in the
Netherlands where a large fraction of the country’s FH
population is diagnosed [18]. Similar efforts on multiple
continents have not only shown that this strategy has utility
but is also cost effective [49, 50].

Generally, genetic testing for FH is currently based on 3
gene panels (Table 1) and involves sequencing all or part
of LDLR, APOB, and PCSK9. In some countries where the
spectrum of variants is limited, focused genotyping
strategies have been employed. Genetic testing has not had
deep penetration in the US market largely due to cost and
access issues. However, as costs continue to decline this
trend will likely change. Furthermore, randomized trials
are underway to demonstrate the utility of genetic testing
for improving cascade screening. In the “I FIGhT FH” trial
[51], patients with likely FH are randomized to standard of
care or standard of care plus genetic testing. The primary
outcome is the number of relatives that undergo cascade
screening.

Changing Landscape of Genetic Testing

In 1988, the National Institute of Health and the Depart-
ment of Energy embarked on efforts to “coordinate
research and technical activities related to the human
genome.” The plan soon became commonly known as the
Human Genome Project and was budgeted for $3 billion.
At the turn of the millennium, scientists published the
original drafts of the first genome sequence, ahead of time
and under budget [52]. The ultimate cost was probably
closer to $300 million as the genome project spurred
technological advancement in genetic sequencing which
increased throughput and lowered the price of sequencing.

Just a decade ago, sequencing a single gene costs
thousands of dollars and had a turn-around time measured
in months. The old Sanger sequencing technique was
improved upon drastically, and soon multiple genes were
able to be sequenced at once using next-generation tech-
niques. Soon panels of multiple genes were available with
an improved turn-around time and for the same cost as a
single gene a decade ago. Current DNA sequencing panels
range from 15 to 20 genes and often include a full analysis
of deletion and duplication studies with cost for these
panels being usually thousands of dollars; however, when
indicated, most patients pay less than $100 for testing due
to favorable financial assistance programs from genetic
testing labs.

Next-generation sequencing now also allows sequencing
of entire exomes (whole-exome sequencing, WES) or
genomes (whole-genome sequencing, WGS) for ~ $4000
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and ~$8000, respectively. Research testing has been
available for even cheaper. In a recent March 2016
announcement, Veritas became the first provider to offer
clinical grade WGS for less than $1000, a long-touted goal.
WES refers to sequencing the gene coding sequence of the
genome, while WGS includes non-coding regions of the
genome. This technological revolution is having profound
changes in the clinical arena highlighted by the effect on
“medical mysteries.”

As highlighted above, most of the current clinical
genetic testing focuses on the interpretation of multiple
gene panels. Just a few years ago, most of the sequencing
itself was Sanger based and actually limited to a few genes
and that is still sometimes the case. Increasingly, however,
higher throughput approaches such as whole-exome
sequencing are being utilized even if variant interpretation
is limited to a circumspect list of candidate genes for the
condition of interest. This is largely being driven by cost as
it is now easier and cheaper to sequence an entire exome
rather than a few genes. The tectonic shifts caused by
advances in genetic sequencing technology cannot be
understated.

Medical Mysteries

For a small subset of patients with rare conditions, the
diagnostic odyssey can be frustrating, lengthy, and costly.
In some cases, patients undergo years of standard clinical
testing at multiple clinical sites to no avail. To alleviate this
problem, in 2006 the NIH launched the undiagnosed dis-
ease program (UDP). With the decreased cost of
sequencing, often WES or WGS is now included in part of
the workup. Due to its initial success and oversubscription,
the NIH’s Undiagnosed Disease Program expanded in 2015
and now includes seven regional sites which will encom-
pass a much larger network and dramatically increase their
bandwidth to 500 cases per year nationally [53¢]. Individ-
uals from around the country are able to submit cases for
review through an online portal, and those that are accepted
will receive a full battery of clinical testing at one of the
centers which will include large-scale genetic testing to aid
in diagnosis and discovery. During the pilot of the UDP,
diagnoses were reached on 24 % of participants including
three disorders diagnosed based off of single-nucleotide
polymorphism array analysis and three others using whole-
exome sequencing [54].

Instances of individual victories based on WGS have
also become apparent recently. Physicians were able to
complete full-genome sequencing on a newborn within
days. It identified two variants, one of which causes long
QT syndrome (LQTS). Pharmacotherapy was then tailored
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to his genotype and an ICD was placed before the newborn
was discharged from the hospital [55].

Future Areas for Expansion

The prior examples have illustrated the current state-of-the-
art in clinical genetic testing focused on Mendelian dis-
eases. However, there have also been inroads in the areas
of pharmacogenetics and in complex disease though, as the
examples below will show, genetic testing in these areas is
not being widely employed clinically in the US.

Pharmacogenetics

Genome-wide association studies (GWAS) have been used
to identify SNPs that alter the way individuals metabolize
medications including popular CVD medications such as
clopidogrel, warfarin, and statins.

Three types of pharmacogenetic applications exist: (1)
pharmacokinetic, (2) pharmacodynamic, and (3) underly-
ing disease mechanism. Pharmacokinetic examples include
warfarin sensitivity in which CYP2C9 variants decrease
clearance by 30-90 % [56]. Pharmacodynamic examples
include VKORCI and CYP4F?2 variants which result in an
increased risk for an out-of-range INR value due to their
dynamic effect on warfarin [57, 58]. An example of the
final class of applications involves multiple haplotypes of
APOE and their effect on statin response with the €2
haplotype having greatest decrease when taking statins,
followed by €3 and &4 [59]. Statin-induced myopathy is
also linked to variants in SLCO1B1 [60].

The application of pharmacogenetics has been hampered
by a lack of adoption across the field. Although adoption
has been slow, testing of this type has been made popular
by direct-to-consumer companies which offer testing for
many of these pharmacogenetic loci, and some WGS and
WES providers offer patients the opportunity to receive
these results. The Clinical Pharmacogenetics Implementa-
tion Consortium has recently provided a database of
curated variants open to the public (pharmGkb.org).

Complex Disease: Benefit of Genetic Testing

Genetic discovery efforts, mostly GWAS, have now iden-
tified over 50 variants associated with CAD and hundreds
associated with CAD risk factors such as hyperlipidemia
[61], hypertension [62], and diabetes mellitus type 2 [63].
The common variants generally have low effect due to size
with an odds ratio of <1.2 [64].

Efforts have been made to determine whether the use of
genomic risk scores incorporating these variants predict
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CAD [65, 66]. And while these risk scores are predictive,
the benefits above and beyond traditional risk scores (e.g.,
Framingham) are modest at best. Therefore, genetic testing
for common and complex CVD has not been endorsed by
guidelines in the absence of clinical trial data showing that
this information increases outcomes. Such trials are
underway [67] and these genetic risk score predictors may
improve, especially as we learn more about the genetic
architecture of CVD.

Benefits of Genetic Testing

Genetic testing has been shown to have many beneficial
effects on patients. For instance, people may treat genetic
information differently than other types of information, a
concept known as “genetic exclusivity.” For instance,
individuals that have undergone genetic testing for FH may
be more adherent to medications leading to lower LDL-C
levels [68], though this may reflect effects on provider
behavior.

Additional benefits have been seen in families that have
used genetic testing to aid in cascade screening. It has been
shown to be cost effective in arrhythmia conditions [69]
and to have a great diagnostic advantage as opposed to
clinical screening alone in HCM [70]; this is also true for
FH [17ee, 18°].

Patients who undergo genetic testing of large scale
(WGS, WES) have the additional option of receiving
information about the American College of Medical
Genetics (ACMG) incidental findings [71]. The incidental
findings include a group of 56 genetic conditions that the
AMCG determined are manageable and diagnosis, even
secondarily, would have benefit on patients. This has been
controversial due to the recommendation that these results
should be disclosed to all pediatric and adult patients
seeking testing. Studies have shown that approximately
3 % of WGS and WES results have reported incidental
findings [72].

Access and Logistics of Genetic Testing

As prices decrease, the access to genetic testing is
increasing and insurers are increasing access for their
patients, especially given the cost effectiveness in family
screening. Many labs now claim that 90 % of patients with
commercial insurance pay less than $100 for guideline-
based genetic testing out of pocket (GeneDx, Ambry
Genetics). At this rate, clinical genetic testing may even hit
a consumer price point in the next few years.

The favorable cost climate is helping ensure that more
individuals receive potentially life-saving genetic testing.

This has a twofold benefit. First, more individuals have
access to genetic testing which was previously only
available to a small few. Second, the more the people are
genetically tested, the more we will be able to establish
case data in an effort to more confidently apply criteria for
variant interpretation. This has the overall effect of
increasing the accuracy of testing outcomes, which in turn
improves the quality and scope of personalized medicine.

Often, genetic testing companies take the burden of
seeking insurance authorization on their own, helping
simplify the process for providers. A test requisition,
clinical information, family history, insurance information,
and a small blood sample in a DNA-approved EDTA
purple top tube are all that is needed to submit a patient
sample. Including clinical information is essential in
determining if the correct test is ordered and in aiding
interpretation [73]. Turn-around time is typically a few
weeks, up to a month. Once a variant is identified in a
proband, family members may undergo single-site genetic
testing while can be done with little DNA and enables
testing in the prenatal realm or with very little tissue from a
tumor sample or with saliva.

Caveats

Genetic testing has limitations. Given less-than-perfect
yield, the absence of an identifiable pathogenic variant in a
proband does not mean their condition is not genetic.
Additional pitfalls that can lead to incorrect information are
being disseminated to patients due to inconsistencies
between labs’ interpretation of rare variation, and this is even
occurring for well-established disease genes [74]. A series of
cases presented to a specialty lab for second opinion revealed
a7l % discordance rate among their select cases [75]. Some
genetic testing companies have access to private data (case
data or functional data) that are not shared with the public.
These instances lead to labs giving discordant recommen-
dations, which has implications in patient care and family
screening recommendations.

ClinGen was launched in 2013 to provide patients,
clinicians, laboratories, and researchers a place to share
genetic and phenotypic data. The goal is to provide a
central resource that defines the clinical relevance of DNA
variants for use in precision medicine and in research [76¢].
A wide array of laboratories has already begun inputting
data, and there is hope that this will help increase con-
cordance among genetic testing laboratories.

In larger tests such as WES or WGS, these considera-
tions can be magnified. Next-generation panel testing reads
a single DNA base 100 times before determining what
nucleotide fills that position [77]. However, not all regions
of the genome and exome are accessible for sequencing
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under standard sequencing conditions. This results in areas
of dropout in whole-genome and whole-exome testing in
which a base is only read fewer than 20 times before
making a call [77]. If a gene of interest had insufficient
coverage, a panel test becomes necessary. Therefore, panel
testing is currently the gold standard for many inherited
CVDs because they are able to more confidently cover the
full genes of interest with greater confidence due to specific
reaction techniques in sequencing the genes [77]. This is
why panels are used as a first-line test, and exome and
genome as a second-line test in select cases. With so many
options for providers, the utility of a genetic counselor is
evident.

Federal protections have been put in place to protect
patients from discrimination from a positive genetic test
result thanks to the genetic information nondiscrimination
act of 2008 (GINA) [78]. Protections include health
insurance and employment discrimination, but fall short in
supplemental insurances like disability and life insurance,
and important point to mention when discussing the pros
and cons of genetic testing with a patient.

Conclusion

Clincal genetic testing for CVD is standard of care in
many inherited CVDs and clinically relevant in others.
Novel tools are coming online to aid in the sharing of
information and will help interpret genetic variation
with more accuracy. Currently, genetic testing helps
determine the appropriate medical management plan for
many individuals with a variety of cardiovascular
conditions ranging from cardiomyopathies to aor-
topathies. We are in a period of dynamic change and
soon it will become a central pillar of diagnosis and
treatment for single-gene disorders and holds promise
for unlocking the secrets behind common “multifacto-
rial” conditions.

In the next few decades, we will likely have treatments
aimed at preventing the disease in pre-symptomatic gene
carriers. President Obama’s promise of precision medicine
is already at work in the cancer realm, where genetic tumor
typing is the guiding treatment. Soon, similar advances will
yield insight into battle against inherited CVD.
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