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Abstract Cardiovascular genetic medicine is devoted to
the identification and understanding of cardiac conditions
resulting from genetic and genomic mechanisms and to the
development and validation of diagnostic and treatment
algorithms and guidelines. Cardiovascular genetic medicine
clinics now provide expert cardiovascular subspecialty care,
genetic counseling and clinical genetic testing, and will
eventually provide disease-specific gene or genetic thera-
pies. Currently, the most tractable diagnoses for cardiovas-
cular genetic medicine are the single-gene disorders: the
cardiomyopathies, the channelopathies, and others. The
recent explosion of genetic knowledge within the single-
gene disorders and consequent rapid proliferation of genetic
testing enables far greater numbers of individuals to directly
benefit from this progress. A compelling rationale exists for
this approach: cardiovascular single-gene diseases com-
monly present with life-threatening events (e.g., sudden
cardiac death, heart failure, stroke, etc.), but identification,
evaluation, and treatment of individuals with presymptom-
atic genetic risk has the promise to prevent or ameliorate
cardiovascular morbidity and mortality. Cardiovascular
genetic medicine programs also anchor training and
research, thereby enabling the next generation of academic
specialists in cardiovascular genetic medicine to continue to
improve cardiovascular health.
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Introduction

Cardiovascular genetic medicine is an emerging area
devoted to identifying and understanding cardiac conditions
resulting from genetic and genomic mechanisms and to
developing and validating diagnostic and treatment algo-
rithms and guidelines.

A great deal of progress has been made in the past
20 years to understand the genetic basis of cardiovascular
disease, fueled in part by the enormous enthusiasm from the
human genome project. Although the implementation of
new genetic knowledge into the day-to-day practice of
cardiovascular medicine has been difficult, several areas are
now ready to move briskly ahead.

Cardiovascular “Single-Gene” or “Mendelian” Diseases

The most tractable diagnoses to move ahead with cardio-
vascular genetic medicine are the “single-gene” or “Men-
delian” diseases (Table 1), which are so categorized
because they result from a mutation occurring within a
single gene and usually exhibit characteristic inheritance
patterns [1]. Common nomenclature (used herein) suggests
that a mutation is a relatively rare change in the DNA
sequence, occurring in <1% of individuals, whereas a
polymorphism is a more commonly occurring variation
observed in >1% of individuals [2].

Many of the cardiovascular Mendelian genetic diseases
are most commonly caused by mutations in exonic DNA,
that is, changes in protein coding (nonsynonymous muta-
tions) with the most common being missense mutations.
Small insertions or deletions or splice site mutations that
affect protein coding or intron/exon splicing are also
observed. Whereas the vast majority of known Mendelian
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cardiovascular disease-causing mutations are nonsynony-
mous, a variety of other genetic variation is possible and
largely unexplored, including structural genomic changes
[2], variations in micro-RNAs or their binding sites [3],
epigenetic effects [4], and others.

Some of the more common and well-known cardiovas-
cular single-gene disorders (Table 1) are the cardiomyop-
athies, including dilated cardiomyopathy (DCM) [5, 6],
hypertrophic cardiomyopathy (HCM) [7–11], restrictive
cardiomyopathy (RCM) [12–15], and arrhythmogenic right
ventricular dysplasia/cardiomyopathy (ARVD/C) [16, 17].
Other single-gene disorders disrupt cardiac conduction and
rhythm and are commonly referred to as the channelopa-
thies (the long QT syndrome and related disorders) [18–20].
Single-gene disorders relevant to cardiovascular disease can
affect tissues beyond the heart such as Marfan syndrome, a
multisystem disease of connective tissue that particularly
impacts the aorta [21, 22]. Primary pulmonary hypertension
(PPH) aggregating in families is also a Mendelian genetic
disease [23, 24]. Familial hypercholesterolemia (FH),
caused by mutations in the LDL receptor or related
pathways, results in diffuse atherosclerotic vascular disease
particularly impacting the coronary circulation [25, 26].

In contrast to the single-gene disorders, complex genetic
diseases (Table 1) are understood to result from simulta-
neous genetic variation in several genes with small effects
(for review, see [1, 27]). In this paradigm, the contribution
of any individual variant is minimal, but the summed
genetic variation in conjunction with environmental factors
mediates the disease phenotype. Common diseases postu-
lated to follow this paradigm include coronary heart
disease, hypertension, and others [1, 27]. At the present
time, the relevance of current genetic information to predict

risk in complex diseases such as coronary heart disease for
individuals or at-risk family members is unclear [1, 27], an
area not covered in this review. However, because of the
population risk of complex disease such as coronary heart
disease, intense interest in the area may rapidly lead to its
inclusion in the practice of cardiovascular genetic medicine.

Opportunities and Issues for Diagnosis
of Cardiovascular Mendelian Diseases

Enormous progress has been made to identify and charac-
terize the disease genes specific to the Mendelian cardio-
vascular diseases (for recent comprehensive reviews, see
[5–20]). A molecular genetic diagnosis is usually consid-
ered definitive when a rare, protein-altering mutation is
identified in a gene known to cause the condition,
especially when the mutation segregates with the disease
phenotype in multiple affected family members or has been
previously reported in association with the phenotype [5].
The availability of genetic testing for many of these genes
has recently dramatically expanded, and when accompanied
with genetic counseling, makes it now possible to imple-
ment the practice of cardiovascular genetic medicine [1, 5,
28–30].

However, locus heterogeneity (many genes causing the
same disease) has complicated investigative efforts and will
continue to confound diagnostic strategies for the cardio-
vascular Mendelian diseases [5]. The channelopathies,
encompassing the long QT syndrome and related genetic
arrhythmic disorders, account for >10 genes [20]. Whereas
the HCM genes MYH7, MYBPC3, and TNNT2 (encoding
the beta-myosin heavy chain, cardiac myosin-binding
protein C, and cardiac troponin T genes, respectively)
account for 70–80% of HCM that is commonly diagnosed
by molecular genetic approaches [10], an additional 19
genes have been implicated to rarely cause the HCM
phenotype [11]. At this time >20 genes have been
implicated in DCM [5, 31].

Furthermore, not all disease loci have been identified,
which diminishes the sensitivity of molecular testing.
Whereas it has been estimated that a mutation causing the
long QT syndrome can be identified in up to three-quarters
of index patients, other known cardiovascular single-gene
disorders lag behind. For example, only 30–60% of the
genetic cause of HCM has been identified [29, 32],
although some series suggest that, with familial cases, a
mutation can be identified in up to two-thirds of probands
[10, 33]. For dilated cardiomyopathy, only 20–30% of
genetic causation has been identified, principally with
familial disease [5, 30].

Further complicating diagnostic strategies is allelic
heterogeneity (many mutations within a single gene). For

Table 1 Selected single-gene (Mendelian) or complex genetic
diagnoses of the cardiovascular system

Single-gene disorders
Cardiomyopathies
Hypertrophic cardiomyopathy (HCM)
Dilated cardiomyopathy (DCM)
Restrictive cardiomyopathy (RCM)
Arrhythmogenic right ventricular dysplasia (ARVD)
Channelopathies
Long QT syndrome (LQTS)
Short QT syndrome
Catecholaminergic polymorphic ventricular tachycardia
Familial hypercholesterolemia
Familial (primary) pulmonary hypertension
Marfan syndrome
Disorders postulated to have complex genetic mechanisms
Coronary heart disease
Hypertension
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example, MYH7, consisting of 40 exons encoding the beta-
myosin heavy chain protein, had 194 mutations listed
associated with HCM on the Cardiogenomics website
(http://genetics.med.harvard.edu∼seidman/cg3/muts/MYH7_
mutations_TOC.html/). For diagnostic purposes, this neces-
sitates sequencing the entire exonic (coding) sequence and
intron/exon boundaries of each gene. Many of the contractile
proteins have large numbers of exons, making sequencing a
time- and effort-intensive undertaking. The current approach
to sequencing (the Sanger method utilizing capillary arrays)
has provided highly sensitive and reliable results. Newer
chip-based sequencing methods, designed to improve speed
and efficiency whereas decreasing cost, are now beginning to
be introduced into diagnostic use but still face stringent assay
validation and quality checks.

A further challenge to cardiovascular genetic medicine is
that of syndromic cardiovascular disease. Syndromic
disease represents multisystem genetic disease, including,
for example, some forms of congenital heart disease and
other established genetic conditions (Table 2). Most
cardiovascular practitioners, even those emphasizing Men-
delian cardiovascular genetic disease, will likely defer the
evaluation and treatment of syndromic disease to geneticists
who are expert in the particular condition. However,
cardiovascular genetic medicine clinics may provide an
ideal setting for collaboration between cardiologists with
specialty interest in genetic disease and geneticists who care
for patients with syndromic cardiovascular disease.

Rationale for the Implementation of Cardiovascular
Genetic Medicine

Despite the present limitations outlined above, sufficient
knowledge and experience within the field of single-gene
(Mendelian) disorders (Table 1) is now available to move
briskly ahead to implement the practice of cardiovascular
genetic medicine. This field offers a compelling rationale:
conventional intervention, treatment, and prevention strat-
egies now available offer enormous opportunity to decrease
morbidity and mortality. The cardiovascular genetic dis-
eases presented in this paper almost universally cause early
mortality or major morbidity, yet almost all diagnoses offer
specific, established interventions to extend survival and
diminish morbidity. For example, implantable cardiac
defibrillators can prevent sudden cardiac death and its
devastating consequences resulting from the genetic car-
diomyopathies and arrhythmias [9, 29, 34]. Medical therapy
may ameliorate the progression of genetic DCM. Prospec-
tive identification of those yet asymptomatic but at greater
risk to develop DCM enables close surveillance and early
intervention. Both medical or defibrillator therapies can
decrease the risk of sudden cardiac death, improve quality

of life, and prolong the time to cardiac transplantation or
avoid it altogether. Furthermore, it is conceivable, if not
likely, that gene-specific therapies will emerge to further
ameliorate genetic disease.

Is this recommendation to more formally develop
cardiovascular genetic medicine clinics and programs
necessary? Some patients already receive outstanding care
from geneticists who traditionally assist with diagnosis and
counseling and cardiologists who provide cardiovascular
treatment options within specific areas such as hypertrophic
cardiomyopathy [29, 35, 36] or the long QT syndrome [20,
37, 38]. Notably, both of these conditions have more
mature molecular genetic knowledge than the remainder of
the field, and hence a more substantial literature base
including guidelines for medical practice.

What is new now and what drives the current emphasis
to develop cardiovascular genetic medicine is the explosion
of genetic knowledge in cardiovascular disease noted above
and the consequent extensive proliferation of genetic testing
[1, 30]. All of this will enable a far greater number of
individuals and their families to benefit from genetic
diagnosis and treatment. Within this environment, system-
atic approaches are warranted. Bringing together cardio-
vascular subspecialty physicians and genetic counseling
expertise within a program broadly designed to diagnose,
evaluate, and treat cardiovascular genetic disease for large
numbers of patients and families will provide the environ-
ment for high-quality clinical care, research, and training,
as discussed below in greater detail.

Essential Clinical Components of Cardiovascular
Genetic Medicine

The three core components of cardiovascular genetic
medicine include expert medical care, genetic counseling,
and clinical genetic testing.

Expert medical care from subspecialty cardiovascular
physicians Medical care within the context of a cardiovas-
cular genetic medicine program ideally embodies a cardio-
vascular specialist who is a clinical expert in the disease of
interest and who is also fully informed regarding the
genetics of the disease. For example, the genetic arrhyth-
mias are ideally handled by an electrophysiologist with
experience, background, and training in the genetics of
arrhythmia. Thus, the physician is not only knowledgeable
in the latest approaches and guidelines for arrhythmia
evaluation, diagnosis, and treatment, but is also able to
offer specific and comprehensive insight and recommenda-
tions for the evaluation and intervention with genetically
based arrhythmias. Analogously for DCM, a cardiomyop-
athy or heart failure specialist steeped in the genetic
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Table 2 Selected more common syndromic forms of cardiovascular genetic disorders

Name Prevalence Cardiovascular features Main noncardiovascular features Molecular genetics

Mendelian, autosomal dominant
Familial
hypercholesterolemia
[48]

1:200–1:1,000 Coronary heart disease,
higher risk in males

Hypercholesterolemia, arcus
corneae, tendon xanthomas,
polyarthritis, tenosynovitis

LDLR

Polycystic kidney disease
[49]

1:400–1:1,000 Intracranial aneurysms/
dolichoectasias; dilatation
of aortic root, dissection of
thoracic aorta, MVP

Bilateral renal cysts, cysts in
other organs, renal function
abnormalities

PKD1, PKD2
(85% genetic
etiology)

Noonan syndrome
[50–53]

1:1,000–1:2,500 PVD, PS, ASD, VSD, PDA Short stature, learning disability,
dysmorphic features, wooly
hair, genitourinary anomalies

PTPN11, SOS1,
RAF1, KRAS

Marfan syndrome [54] 1:5,000–1:10,000 Aortic dilatation/dissection,
pulmonary artery
dilatation, MVP

Disproportionate tall stature,
pectus abnormalities, scoliosis,
arachnodactyly, ectopia lentis,
myopia, dural ectasia

FBN1

Tuberous sclerosis
[49, 52]

1:6,000–1:10,000 Arrhythmia, rhabdomyoma Skin, hair, nail abnormalities,
cortical tubers, mental retardation,
kidney cysts, neoplasia predisposition

TSC1, TSC2

Myotonic dystrophy
(DM) [49]

∼1:8,000 DM1, DM2;
1:20,000 DM1

Cardiac conduction defects,
less commonly,
cardiomyopathy

Mild to severe congenital
presentation; cataracts, myotonia,
muscle weakness, balding;
respiratory insufficiency and
mental retardation. Type 2
diabetes mellitus, testicular
failure with CNBP mutations

DMPK (DMI),
CNBP (DM2)

Mendelian, autosomal recessive
Hemochromatosis [49] C282Y HFE 1:200–

1:400 [55]
CHF, arrhythmias, DCM Weakness, fatigue, abdominal pain,

skin hyperpigmentation, hepatic
cirrhosis, fibrosis, diabetes
mellitus, arthritis, hypogonadism

HFE

Mendelian, X-linked
Duchenne/Becker
muscular dystrophy
[48, 49]

DMD: 1:3,500–
1:5,500 male
births; BMD:
18,500

DCM, sinus tachycardia/
various EKG
abnormalities

DMD: Progressive myopathy with
delay in developmental milestones,
below average intelligence, calf
muscle hypertrophy; BMD:
milder myopathy

DMD

Chromosomal, non-Mendelian
Down syndrome
[50, 52, 56]

1:700 AVSD, VSD, TOF,
CoA, DORV

Dysmorphic features, mental
retardation, hypothyroidism,
leukemia

Trisomy 21

Turner syndrome
[50, 52, 56]

1:2,500 TA, DORV, CAT,
CoA, HLHS, VSD

Dysmorphic features, short stature,
infertility, kidney anomalies

Monosomy X
(45,X)

VACTERL
[50, 52, 57, 58]

1:5,500 VSDs ASD, TOF Vertebral anomalies, anal atresia,
cardiac anomalies,
tracheoesophageal fistula,
esophageal atresia, renal anomalies,
limb(radial) reduction defects [59]

Sporadic

Williams syndrome
[50, 52]

1:10,000 PAS, SVAS Characteristic facies,hypercalcemia,
skeletal anomalies, short stature,
strong musical interest [59]

Microdeletion of
7q11.23 (near
elastin gene)

TA: tricuspid atresia, TAr: truncus arteriosus, DORV: double outlet right ventricle, CAT: common arterial trunk, CoA: coarctation of the aorta,
HLHS: hypoplastic left heart syndrome, VSD: ventricular septal defect, ASD: atrial septal defect, TGA: transposition of the great arteries, IAAb:
interrupted aortic arch type B, TOF: tetralogy of Fallot, PS: pulmonary stenosis, PDA: patent ductus arteriosus, PVD: pulmonary valve dysplasia,
PAS: pulmonary artery stenosis, SVAS: supravalvular aortic stenosis, PPS: peripheral pulmonary artery stenosis, PA: pulmonary atresia, AVSD:
atrioventricular septal defect, DCM: dilated cardiomyopathy, HCM: hypertrophic cardiomyopathy, TIA: transient ischemic attack, MVP: mitral
valve prolapse, TVP: tricuspid valve prolapse, PVS: pulmonary valve stenosis, PFO: patent foramen ovale, TAV: tricuspid aortic valve
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knowledge of DCM would be ideal. Other examples
include cardiovascular lipid specialists who interface with
families carrying mutations that cause elevated cholesterol
and premature atherosclerosis, or experts in HCM (cardio-
vascular imaging or interventional specialists), all of whom
have extensive genetic knowledge of their field.

Genetic counseling and clinical genetic testing Genetic
counseling is imperative for the conduct of a cardiovascular
genetic medicine clinic [30]. Regardless of the availability
of genetic testing for a disorder, counseling is indicated for
pedigree assessment, to determine inheritance patterns, and
to ensure adequate knowledge of modes of transmission
and risks to offspring [31]. If genetic testing for the
condition is available, the careful construction of the family
pedigree is essential to select the optimal individual for
testing [31]. Counseling regarding genetic testing is also
mandatory. It should include discussions regarding positive
and negative results and the possibility that variants of
unknown significance may be identified [30]. If testing is
undertaken, communication of posttest results is conducted
within a counseling environment [30, 36, 39].

How will we develop or acquire the requisite genetics
expertise for cardiovascular specialists who may not have
clinical genetics background or training? A collaborative
approach between cardiovascular and genetics specialists
has been recommended [5, 36, 40]. With the advent of
Master’s trained genetic counselors as a profession, the
most tractable solution is to engage genetic counselors to
work with subspecialty cardiovascular medicine physicians
to provide genetic counseling and testing information. The
counseling and testing issues of Mendelian cardiovascular
diseases, including the informational and counseling needs
related to clinical genetic testing, are well within the
training and experience of genetic counselors [30]. Genetic
counselors, trained within clinical genetics programs, can
also facilitate collaboration and consultation from geneti-
cists for difficult or complex cases or for syndromic disease
that requires additional expertise.

Training the Next Generation of Cardiovascular
Genetic Medicine Specialists

Cardiovascular genetic medicine clinics will also serve as a
training opportunity for the next generation of cardiovas-
cular specialists interested in becoming experts in the field.
One approach is to develop formal training programs with
concentrations in general clinical genetics and cardiovas-
cular genetics for subspecialty fellows in heart failure/
cardiac transplantation or electrophysiology, preventive
cardiology, or cardiovascular epidemiology. Clinical expe-

rience from the cardiovascular genetic medicine clinic will
anchor the training. Additional clinical training will be
undertaken in rotations with clinical geneticists in molec-
ular genetic testing laboratories that will include methods
and test interpretation. Trainees will also rotate with genetic
counselors to understand their role, approach, and the key
genetic information transmitted with the counseling pro-
cess. Participation in cardiovascular genetics seminars and
case conferences will augment the experience. Participation
in ongoing genetics research will also prepare trainees for
careers in academic cardiology.

The Imperative of Ongoing Research and the Promise
of Gene or Genetic Therapies

Cardiovascular genetic medicine clinics also provide the
foundations for the conduct of a wide array of research
critical to moving the field ahead. Perhaps most relevant
continues to be the assembly of large clinical databases to
be correlated with genetic information. Although in most
cases Mendelian cardiovascular diseases have not yet
shown predictive genotype/phenotype relationships, it is
possible that much larger cohorts with much richer genetic
information may yet reveal important relationships. Also
presently lacking in the field are outcomes studies of early
interventions for presymptomatic at-risk individuals based
on genetic testing. These are critically important studies, as
cardiovascular genetic disease commonly presents with
advanced life-threatening disease (sudden cardiac death,
heart failure, stroke, etc.), as noted above, and early
presymptomatic diagnosis and intervention may prevent
these devastating events.

Continued investigative efforts are warranted for ongo-
ing and emerging issues with the field. Examples include
the extent and impact of compound or double mutations on
disease [41–45], the lack of segregation in family LMNA
DCM mutations suggesting a greater degree of bilineal
inheritance than previously understood [46], gene frequen-
cies within DCM [47] or other diagnoses, and cross-over
phenotypes between cardiomyopathies (e.g., ARVD [16] or
RCM [14]).

Finally, although the promise of targeted therapies for
genetic disease has not yet been met, these clinics will also
provide the intellectual and clinical infrastructure to initiate
clinical trials of targeted therapies to ameliorate genetic
disease.

Conclusion

The explosion of recent genetic information for the
cardiomyopathies, arrhythmias, and other single-gene car-
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diovascular disorders enables the practice of cardiovascular
genetic medicine. Based upon clinical cardiovascular
expertise, combined with robust knowledge of cardiovas-
cular genetic disease, genetic counseling, and genetic
testing when available, enormous progress is now possible.
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