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With the completion of human sequencing and availability of new biote-
chnology tools, molecular characterization of diseases at individual level is
feasible and sustainable. In this context, “Precision medicine” aims at iden-
tifying precise etiology or target for each disease in order to develop disease-
specific treatments, tailored on individual biomolecular profiles (Personalized
medicine). The two terms, precision and personalized medicine, are often used
interchangeably or combined 1,2. 

The perception of the impact of precision and personalized medicine is
easy for monogenic (both single disease gene and genetically heterogeneous
diseases) and monofactorial diseases 3. A typical example of monogenic disea-
ses (one gene → one disease) is cystic fibrosis: new therapies modulating de-
fective CFTR gene are entering the clinic 4. In monogenic cardiovascular di-
seases (several genes are associated with one disease), precise diagnosis is lar-
gely dependent on genetic diagnosis (i.e. pure restrictive cardiomyopathy cau-
sed by defects in troponins-coding genes or desmin-coding gene). However,
the burden of cardiovascular diseases is largely constituted of multifactorial,
acquired diseases such as Heart Failure (HF), Ischemic Heart Disease (IHD),
arrhythmias such as Atrial Fibrillation (AF), Valve Heart Diseases (VHD) or
hypertension. For these large groups of disorders, current innovation is not re-
lated to their cure but results from novel strategies of risk assessment, incor-
poration in the clinical work-up of new diagnostics (endovascular diagnostics,
non-invasive diagnostic of coronary atherosclerosis) and therapeutics (the de-
velopment of percutaneous interventional treatments for acute coronary syn-
dromes valve diseases, congenital heart diseases, etc.) up to resuscitation pro-
grams and artificial hearts. Personalized treatment guided by pharmacogenetics
is one of the applications of precision-personalized medicine used in clinical
practice (tab. I) 5.
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Multifactorial cardiovascular diseases

Current classifications of cardiovascular diseases are based on the princi-
ple of similarities of either pathologic bases or phenotypes: many cardiova-
scular diseases look alike and share similar pathologic background but their
causes may differ. They often represent the end-phenotypes of different disea-
ses: HF syndrome is the paradigmatic example. Almost all cardiac diseases
may end in HF: systolic HF is the end-phenotype of diseases such as genetic
cardiomyopathies in children or ischemic heart disease in elderly. Diastolic
heart failure occurs in genetic cardiomyopathies such as troponinopathies or
desminopathies as well as in hypertensive patients. Similar to HF, the diagno-
sis of IHD describes all diseases sharing defects of myocardial perfusion. The
common pathologic bases are well recognized: coronary atherosclerosis and
related complications are the primary cause. However, two identical coronary
plaques in two different patients do not exist. The morphology of a same pla-
que evolves, influenced by ageing, risk factors, comorbilities and treatments.
Serial in vivo imaging of coronary arteries can easily demonstrate the evolving
patterns of coronary plaques 6,7. Molecular imaging in the future will further
add precise information on fine identification of cellular and extracellular pla-
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Tabella I - The table lists genes and variants tested in clinical practice for dugs re-
sponsiveness, dose adjustments, other than side effects (statins), thrombogenic risk
(clopidogrel), hemorrhagic risk (warfarin).

Mim* Gene Variant

STATINS

107741 APOE rs7412
rs429358

142910 HMGCR rs17244841
rs17238540
rs3846662

604843 SLCO1B1 rs149056

CLOPIDOGREL

124020 CYP2C19 *2 (rs4244285)
*17(rs3758581)

171050 ABCB1 C1236T (rs1128503)
G2677T (rs2032582)
C3435T (rs1045642)

600515 P2RY12 rs6798347
rs6787801
rs9859552
rs6801273
rs9848789
rs2046934

WARFARIN

124020 CYP2C9 *2 (rs1799853)
*3 (rs1057910)

604426 CYP4F2 rs2108622
608547 VKORC1 -1639 (rs9923231)
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que components 8. Risk stratification including classical risk factors and their
role in the development of atherosclerosis are major achievements of the basic
and clinical research of the last fifty years 9. However, the molecular bases of
modifiable risk factors are only partly elucidated 10; current treatments control
the effect (cholesterol levels, blood pressure, diabetes, increased LDL) but of-
ten do not cure the primary causes. Precise innovation is emerging for phe-
notypically and genetically characterized diseases such as autosomal dominant
familial hypercholesterolemia (FH, MIM #143.890) caused by mutations in
LDLR gene (MIM *606.945): novel molecules such as microsomal triglyceri-
de transfer protein inhibitors (lomitapide), oligonucleotide inhibitors of apoB-
100 synthesis (mipomersen), and “proprotein convertase subtilisin/kexin type
9” (PCSK9) inhibitors (alirocumab and evolocumab) are entering FH manage-
ment 11. 

Monogenic cardiovascular diseases

For less common cardiovascular diseases such as genetic channelopathies 12,
heritable cardiomyopathies 13, familial aortopathies 14, syndromes with heart in-
volvement such as lysosome storage diseases (i.e. Pompe disease, Anderson-
Fabry Disease) 15,16, or cardiac amyloidosis 17, the process of “precision diagno-
stic and therapeutic” is up and running. In each group of diseases, the level of
advancement varies; precise diagnoses are feasible for an increasing number
of genetic arrhythmias, inherited cardiomyopathies, genetic aneurysmal disea-
ses and complex syndromes involving heart. For a few of these latter precise
diagnoses now meet disease-specific treatments (i.e. Anderson Fabry disease,
Pompe disease) 15,16 or novel strategies of treatment based on genetic diagnosis
(i.e. Marfan Syndrome and drugs controlling TGFbeta) 18 or definite targets
(i.e. amyloidogenic protein in cardiac amyloidosis) 19. These few examples bet-
ter describe the concept of precision medicine as finalized to treatments targe-
ted to the needs of individual patients on the basis of disease-specific genoty-
pe or biomarkers, distinguishing each patient from all others with similar cli-
nical presentations. The aims include improvement clinical outcomes and pre-
vention of medical errors and side effects, in the ideal scenario of personali-
zed medicine. 

A dizzying acceleration in translation of precision medicine programs was
given by key discoveries and completion of programs such as Human Genome
project in 2013, and the commercial availability of high throughput and sensi-
tivity technologies able to translate achievements of “omic” research in gene-
tic testing, transcriptomic, proteomic and metabolomic assays for affected tis-
sues or peripheral blood samples, and further development of research to de-
tect novel biomarkers, both diagnostic or target or explore epigenetic mecha-
nisms contributing to phenotypes. When comparing the achievements of onco-
logy sciences with those of CV diseases, the concept of precision and perso-
nalized medicine becomes more and more clear. A paradigmatic example is
the progression of knowledge in constitutive oncogenetics for breast and ova-
rian cancer: testing for BRCA1 and BRCA2 genes identifies women that are
predisposed to develop cancer (MIM #604.370, #612.555). Mutations in these
genes cause familial Breast-Ovarian Cancer (BROVCA). Unaffected women
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testing positive for mutations in one of the two genes can undergo preventive
surgery. More recently, the first PARP-inhibitor, Olaparib, targeting the nuclear
enzyme poly (ADP-ribose) polymerase (PARP) discovered in 1963 20, was ap-
proved and licensed in 2015 for the treatment of BRCA-mutated recurrent pla-
tinum-sensitive ovarian cancer 21. For other types of cancer, somatic mutations
in cancer cells now drive anti-cancer treatments 22. 

Examples of multifactorial and monogenic cardiovascular diseases and
precision diagnosis

IHD

About 50 years ago the first definition of factors of risk in Framingham
study was, by itself, a revolution. The control of risk factors, the development
of drugs such as ACEI, beta-blockers, aspirin, statins, and primary coronary
intervention changed the scenarios of risk and events. Looking back at first
Framingham, the advancements of knowledge and impact of related clinical
achievements in multifactorial diseases such as IHD or HF are gigantic 9. Indi-
vidual risk assessment and prevention may further modify the future epidemio-
logy. Family history is a proven non-modifiable risk factor. A few years ago, we
attempted to answer the question increasingly raised by relatives of patients with
AMI: “My parents died of myocardial infarction: is that my destiny?” 10.
Beyond technicalities and complex molecular genetic data, the manuscript highli-
ghted a few key concepts that remain solid and clinically useful (tab. II). 

For the future, the generation of individual “multigene score” of risk
could contribute to precise and personalized risk assessment for IHD as well
as for other multifactorial diseases. Genetic architecture is one of the keys: it
gives the tool for addressing specific questions in different individuals and
makes interpretable, at the molecular genetic level, consolidated evidence of
family-related risk. As age and gender, genetic risk is un-modifiable; vicever-
sa, other markers such as gene expression are dynamic and potentially modi-
fiable once non-genetic factors influencing the gene expression itself are
known. Gene expression signature can inform about the spectrum of coronary
artery disease of responsiveness to antiplatelet drugs and contribute to predict
and re-asses the risk of acute coronary syndromes 23,24. 

Atrial and ventricular arrhythmias

Atrial Fibrillation (AF) affects 1.5% population in Europe and worldwide
and shows familial in up to 30% of cases 25. Heterogeneous, multifactorial
etiology of Atrial Fibrillation (AF) includes heritability (fig. 1) 26. Several di-
sease genes have been identified to date 26 but less than 1% of patients with
AF receive genetic advice or are genetically tested. Screening programs in fa-
milial AF (ATFB in OMIM catalogue) may be less informative than those run
for familial cardiomyopathies: in fact AF paroxysms can be clinically silent
and unrecognized; unless implanting an ECG recording system, clinically si-
lent episodes of AF can be missed. Nonetheless, familial ATFB is progressing
through a precise molecular classification. As far as the causes are identified,
an ordered number of categories or groups of ATFB fills the existing gaps
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Table II - AMI and genetics. Modified from: Med Clin North Am 2012; 96:67-86. “My
parents died of myocardial infarction: is that my destiny?” (ref. 10).

The table summarizes major concepts on heritability of risk factors and acute coronary
syndromes.

1. Although most risk factors for coronary ATheroSclerosis (ATS) (the rule) are also ri-
sk factors for Myocardial Infarction (MI) (the exception), MI-specific risk is additio-
nal to or independent from ATS risk. In addition to classical risk factors, Genome-
Wide Association Studies identified chromosomal loci with candidate genes that do
not code for known risk factors, and thereby open new frontiers of research for MI-
specific risk markers. Endo-phenotypes, such as plasma levels or activity of gene
products, could be more closely associated with genetic variations than is the
eventual end phenotype (MI), which is a cumulative multifactorial event.

2. Because a positive family history for ATS risk factors does not fully coincide with a
positive family history for MI, the risk stratification for MI should include family hi-
story data on number, age, and gender of affected family members, modifiable and
non-modifiable known risk factors, and unpredictable triggers.

3. Heritable factors playing a role in the coagulation, inflammatory, and adrenergic
pathways, as well as associated epistatic and gene-environment interactions may
be MI-specific contributors, but their individual role in MI cannot currently be tran-
slated, due to multilayered influences (by both genes and environment) on each
factor.

4. Genetic counseling may contribute to implement family-tailored preventive strate-
gies, taking into consideration the patient's clinical history, family history, and life-
style. While waiting for genetic tests that add predictive contribution to the calcula-
tion of the genetic risk, cardiologists can incorporate family history and clinical da-
ta to provide the best individualized monitoring and preventive programs. 

5. Members from families with more than one affected relatives who have experienced
MI:
• are exposed to higher risk than individuals with negative family history;
• should be reassured that their destiny is not predefined solely by the genetic

ground; 
• should undergo clinical monitoring of their health state.

between phenotype (are all AF alike?) and causes. Sick Sinus Syndrome (SSS)
may also cluster in families, either as autosomal dominant or recessive disea-
se 27,28. Rare autosomal recessive Atrial Dilated atrial CardioMyopathies
(ADCM), are now recognized as entities with possible precise genetic causes 29.
A precise diagnosis of the cause of AF or of SSS or ADCM may influence
treatments, such as ablation, antiarrhythmic drugs and anticoagulation. By it-
self, the diagnosis of AF describes a rhythm disorder and not the underlying
disease. We treat the arrhythmias but we do not cure the disease. Ablation can
be successful in large series of cases, but not in all cases: when the AF has a
precise underlying “atrial” disease that is unknown and not cured, the arrhyth-
mias will recur: we cannot predict when, but this is what we are learning from
anatomical electro-mapping atrial studies that are demonstrating in vivo that
atrial fibrosis is a common substrate for AF, SSS, AS 27-30. A first personalized
advantage from precision diagnosis is the contribution to clinical decisions,
both ablation and drugs.

In the complex group ventricular arrhythmias, examples of precision dia-
gnosis and specific treatments include LQT Syndrome, Brugada Syndrome, or
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Short QT Syndrome 12. Several disease genes are now systematically analyzed
in patients diagnosed with LQT syndrome. Genotype is one of the factors in-
cluded in the assessment of risk stratification, along with gender and baseline
QTc duration. Corrected QT interval (QTc) in males diagnosed with LQT3
(SCN5A gene), or females diagnosed with LQT2 (KCNH2) carry the highest
arrhythmogenic risk: guidelines advise aggressive treatments 31. Additional risk
is associated with the protein domain of the mutated residues. However, the
genetic diagnosis may not coincide with clinical diagnosis as shown in fami-
lies in which healthy parents are carriers of the same mutation of the proband.
A second mutation inherited from the non-carrier parents may contribute to
explain the absence of clinical manifestations in mutated members of same fa-
milies. Modifier genes (i.e. variants in NOS1AP modulate risk of events in
LQTS) 32 or common SNPs in LQT genes influencing the length of the QT in-
terval are now matter of investigation in order to demonstrate a possible dose
effect of independent mutations/variants/SNPs. Therefore, precise genetic dia-
gnosis is now a major clinical contributor in the overall managements of pa-
tients and families with LQTS. Same considerations apply to other heritable

ATFB1
Gene

unknown

? ?

? ? ? ? ?

ATFB8
Gene

unknown

ATFB5
Gene

unknown

ATFB2
Gene

unknown

ATFB6
NPPA

ATFB11
GJA5

ATFB16
SCN3B

ATFB17
SCN4B

ATFB18
SCN4B

ATFB12
ABCC9

ATFB13
SCN1B

ATFB14
SCN2B

ATFB15
NUP155

ATFB7
KCNA5

ATFB90
KCNJ2

ATFB10
SCN5A

ATFB4
KCNE2

ATFB3
KCNQ1

Fig. 1. The puzzle shows genes associated with atrial fibrillation (ATFB in OMIM Catalo-
gue); different shades of grey indicate that although the phenotype is the same, the ge-
netic bases are heterogeneous. For some of the disease genes more diseases (both au-
tosomal dominant and recessive) are allelic at the same locus. The paradigmatic exam-
ple is SCN5A gene: allelic disorders include Brugada syndrome 1 (autosomal dominant,
MIM #601144), DCM (autosomal dominant, MIM #601154), non-progressive heart block
(autosomal dominant, MIM #113900), progressive heart block IA (autosomal dominant,
MIM #113900), LQT syndrome-3 (autosomal dominant, MIM #603830), Sick Sinus Syn-
drome 1 (autosomal recessive, MIM #608567), Familial Ventricular Fibrillation 1 (autoso-
mal dominant, MIM #603829), susceptibility to Sudden Infant Death (SID) syndrome (au-
tosomal recessive, #272120). Additional genes are expected to be identified (? cells).
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channelopathies 33,34. Beyond achievements for monitoring, preventing and trea-
ting ventricular arrhythmias, genetic predisposition can also contribute to the
stratification of arrhythmogenic risk in multifactorial diseases.

CardioMyoPathies (CMP)

CMPs, defined as primary diseases of the heart muscle, are a further
example of how precision medicine is entering our clinical practice. The ge-
netic origin of the majority of CMPs, hypertrophic, dilated restrictive, arrhyth-
mogenic (right, left and biventricular) is now consolidated 35. Major diagnostic
complications are the extreme genetic heterogeneity (more than 100 disease
genes identified to date), the high probability that new fast high throughput
tools for genetic testing identify more mutations in a same patient, the lack of
functional tests able to provide (in the same short interval now needed to get
genetic data), information supporting the role of the mutation/s in each given
patient/families. In this context, genotyping is now part of diagnostic work-up:
the challenge is interpretation of results 13,36. The correct interpretation of the
role of mutations identified in each single patient and family largely relies on
segregation studies in families 36. Precision in this context starts with deep phe-
notyping in clinical family screening that provides the basis for segregation
analysis. Genetic test in probands and relatives can go in parallel, but they are
two independent steps of the same genetic work-up. The impact of precise
diagnoses varies for the different cardiomyopathies: risk stratification, such as
in dilated cardiolaminopathes 37, disease-specific treatment such as lysosomal
storage diseases involving the heart 15,16, prevention of treatment errors in mi-
tochondrial diseases 38, timely indications to heart transplantation in dilated
cardiodystrophinopathies 39, identification of high arrhythmogenic risk in tro-
poninopathies with mild left ventricular hypertrophy 40, management of ga-
strointestinal disturbances in patients with restrictive desminopathies 35,41,42, are
all example of how a precise diagnosis may condition the personalized mana-
gements of patients. Obviously, the ideal scenario should see the development
of disease-specific drugs. 

Phenocopies mimicking the major CMP morpho-functional phenotypes
should be now matter of a precise distinction and separation to move up from
description to causes and treatments. The maintenance of confusing nosology
is one of the major limits in progression of R&D of disease-specific treat-
ments. This is the reason why precise nosology, the MOGE(S) system, had
been proposed 35,42. Unexpectedly, recent studies suggest that MOGE(S) system
can contribute to risk stratification in CMPs with more than one etiology con-
tributors 43.

Heritable aneurysmal diseases

More than 30 different heritable diseases include aortic aneurysm and dis-
section in their phenotypical spectrum 14,44. Although in our models of care the
clinical work-up for aortic aneurysm is fragmented (cardiologists, cardiac sur-
geons, vascular surgeons), cardiologists are directly involved both in the study
of cardiac valves and in the evaluation of aortic root aneurysm, as well as
measurements of the aortic diameters at the level of the arch, thoracic descen-
ding aorta, and abdominal aorta. Several heritable aneurysmal diseases are in
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the clinical context of syndromes that are usually diagnosed independently of
the aortic disease (ie. Marfan Syndrome, Loeys-Dietz Syndromes, Ehlers-Dan-
los type IV, Shprintzen-Goldberg craniosynostosis Syndrome). However, some
of the known familial diseases uniquely or predominantly involve the aorta
and occur in patients and families in which additional phenotypical traits can
be either absent (i.e. MYH11, or ACTA2) or identified only when specifically
investigated and known as associated with aortic disease (i.e. iris flocculi) 45. 

The different genetic diseases carry a different risk of dissection, which is
assessed both on the basis of anatomic data (aortic diameter) and type of ge-
netic disease 46. Syndromes caused by defects in genes playing in the TGF-be-
ta pathway (i.e. FBN1) have been proposed as candidate to treatments with
agents blocking TGF-beta 47. Ten randomized, controlled trials are exploring
the effects of angiotensin receptor antagonists (ARB) in Marfan Syndrome,
both in combination with b-blockers 48 and monotherapy 49. A jointed interna-
tional initiative (Marfan Treatment Trialists’ Collaboration) will generate a
prospective, collaborative meta-analysis based on data from all trials that are
randomizing patients treated with (a) ARBs versus placebo (or open-label con-
trol) and (b) ARBs versus b-blockers 18. Regardless of the results, the major
message is that precise diagnoses and novel treatments by themselves increase
the quality of care, level of attention and progression of research. 

Conclusions

The implementation of precision and personalized cardiology relies on
deep phenotyping programs of diseases sharing causes, or resulting from de-
fects of genes playing in same pathways, or expressing disease-specific
markers possible target of new treatments. Omic data are expected to play a
role in precise diagnosis and novel assessment of the risk for cardiovascular
diseases because genetic factors are either cause or contributors to most of
them. As such, precision and personalized medicine is now matter of families
rather than of single patients. This evidence calls for novel strategies of health
management, introducing patient/family-centered models of care. The challen-
ges for future developments are the clinical interpretation of existing and no-
vel omic data and clinically-based governance of technologies. 
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