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Foreword

The pace of advance in genetics and genomics in the last decade, underpinned by 
increasingly powerful technologies to interrogate the genome, has been such that it 
has moved from just being a field of elegant discovery science explaining disease 
mechanisms to one of progressively greater clinical utility and applicability. It is no 
longer beyond the realm of possibility, as is currently being explored in the UK 
100,000 Genome Project, that all of us may one day have our genomes sequenced 
as a matter of course to aid with clinical diagnosis and management. All these new 
developments are laying the foundation for genomic and precision medicine, a con-
cept that is being increasingly promoted globally as one way to tackle the increasing 
costs of healthcare.

In this context it is no longer possible for clinicians to ignore the potential and 
value of genetics and genomics to their practice as well as understand the limita-
tions. Genetics affects many aspects of cardiovascular diseases—from causing 
Mendelian disorders such as hypertrophic cardiomyopathy and Marfan syndrome to 
contributing to the development of common and multifactorial disorders such as 
coronary artery disease and hypertension.

Building on their first edition published in 2010, in this revised and practically 
re-written new textbook on “Cardiovascular Genetics and Genomics-Principles and 
Clinical Practice”, Dhavendra Kumar and Perry Elliott have assembled an outstand-
ing group of contributors to cover the full spectrum of cardiovascular disorders 
where genetics makes a contribution. The book not only updates the state of the art 
with respect to conventional cardiovascular genetic disorders but also explores less 
traditional aspects such as the contribution of genetic analysis to the investigation of 
sudden cardiac death syndrome. Throughout the focus is on providing factual and 
easy to follow information that can help to inform clinical practice. The first section 
provides helpful background information about the nomenclature and approaches in 
genetics and genomics while other chapters deal with important issues such as prin-
ciples and practice of genetic counselling and the value of the multi-disciplinary 
team approach.

With almost daily reporting of new associations of genetic variants with dis-
eases, a book of this type cannot serve as a comprehensive compendium of such 
associations. What it does provide is a framework for clinicians to understand the 
genetic basis of cardiovascular diseases and when and how to incorporate genetic 
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information into their clinical practice. It is also an excellent primer for those in 
training and those allied health professionals interested in genetic/genomic 
medicine.

I am confident that you will find the book of great value as you dip in and out of it!

Nilesh J. Samani
BHF Professor of Cardiology, University of Leicester,  

The Medical Director, British Heart Foundation
 London, UK

Foreword
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Where is the Life we have lost in living? Where is the wisdom we have lost in knowledge? 
Where is the knowledge we have lost in information?—T. S. Eliot

In 2010, we compiled, authored, and edited the first textbook on clinical cardio-
vascular genetics—“Principles and Practice of Clinical Cardiovascular Genetics” 
(ISBN-10:0195368959 & ISBN-13:978-0195368956, Oxford University Press, 
NY, USA). It was an ambitious project given many unproven hypotheses, incom-
plete evidence, loose fragmented scientific concepts, and controversial clinical 
applications. Nevertheless, the project was completed with the help of several 
experts from clinical cardiology, cardiovascular surgery, clinical genetics, genetic 
counseling, basic genetics and genomics, laboratory genetics, and many other health 
professionals. Fortunately, we were encouraged to receive largely welcome and 
positive feedback from medical, scientific, and allied health professionals.

Following the launch of the book, we were humbled to receive instructions and 
commission from Oxford University Press to produce a user-friendly specialist 
handbook for ready use and quick reference on factual clinically relevant informa-
tion on inherited cardiovascular conditions. This Oxford specialist handbook further 
strengthened the new field of clinical cardiovascular genetics within the large field 
of clinical cardiovascular medicine. Subsequent years examined the purpose and 
applications of this new specialist field within the broad landscape of clinical medi-
cine and clinical genetics.

The next five years witnessed exponential growth and enhanced genetic and 
genomic scientific applications and translations in many medical and health fields. 
The practice of cardiovascular medicine and surgery incorporates genetics and 
genomics that led to significant changes to the training curriculum and aspects of 
continued professional development necessary for enhancing the scientific basis of 
the clinical cardiology practice. This development is in line with other medical spe-
cialist fields, such as clinical oncology, medical ophthalmology, clinical rheumatol-
ogy, clinical neurology, and many more. Genomic medicine is now a reality, not just 
a hypothetical scenario. This is now the agreed basis for personalized, precision and 
preventive medicine.

With the rapidly increasing quantitative and qualitative growth in the genetic and 
genomic knowledge base and evidence in cardiovascular medicine, the peer 
demands and expectations grew and persuaded us to revise and produce a new 
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textbook. We debated and consulted many colleagues, trainees, and students on the 
likely format and title of the new book. It became clear that despite controversies 
surrounding the use of genetics and genomics, the new title would need to reflect 
these two intricately connected scientific fields. Further, we agreed to give the book 
much needed clinical focus moving away from the conventional scientific introduc-
tion. We are convinced that the title and the format of the new textbook on inherited 
and genetic aspects of cardiovascular medicine and surgery clearly reflect the 
genetic and genomic basis of the clinical practice.

The book includes 31 chapters written and contributed by leading experts in 
specific scientific fields and recognizable inherited cardiovascular conditions. The 
first five chapters cover the basic aspects including one chapter on cardiovascular 
pharmacogenomics and pharmacogenetics. The format is largely clinically focused 
with examples reflecting patient and family stories managed by evidence-based 
clinical and genetics input. Wherever possible and applicable, the key practice 
points are highlighted in the box style. Concluding 3 chapters focus on interven-
tional cardiology, the multidisciplinary care and public/population health. Readers 
will have the benefit of the detailed and carefully compiled glossary with most 
commonly used terms and phrases in the emerging new field of clinical cardiovas-
cular genetics and genomics. Each section of the book is thoroughly indexed in the 
end to assist the reader fast and efficient access to any term or description to the 
respective page and paragraph.

Finally, this book could not have been written and presented in the current format 
without sincere and painstaking efforts of all contributors and the publishing team. 
We remain greatly indebted for their kindness and generosity. We humbly submit 
this book to all students, trainees, and practitioners in clinical cardiovascular medi-
cine and surgery, clinical genetics, genetic counseling, cardiac specialist nursing, 
public health practitioners and professionals, and other health professionals. The 
feedback and reflections on the book would be welcome in whatever quantitative or 
qualitative manner. We remain aware of possible errors and omissions and collec-
tively take full responsibility.

Cardiff, UK Dhavendra Kumar
London, UK Perry Elliott
September 2017 
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and Inheritance
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Abstract
The introductory chapter introduces genes, genome, genetics and genomics in 
simplified manner that, irrespective of any specialty, any clinician or healthcare 
professional should know. In addition to core basic information on nucleic acids, 
structure of the gene and organisation of the whole genome, the text includes 
clinical examples relevant to cardiovascular medicine and surgery. Selected 
examples might be of interest to medical and healthcare professionals predomi-
nantly engaged with cardiovascular conditions. Emphasis is given on developing 
reasonable grasp of genetic or genomic factors, heritable, incidental or somatic, 
that is either etiologically relevant or capable of influencing the natural course of 
any cardiovascular disease, acting alone or in combination with environmental 
(infection and toxins etc.) or life style factors (nutrition and occupation etc.). The 
text is supported with generous illustrations, tables and boxes with key learning 
points.
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2

1.1  Introduction

Most medical practitioners and specialist physicians are oblivious of basic biologi-
cal facts that govern the whole body and organ specific structure and function. In 
this context, understanding genes, genome, genetics and other intricately related 
facts are most fundamental to structure and function of any form of life. Higher 
mammals, including humans, have evolved over several thousands of years through 
repetitive cycles of transmission of genetic traits under enormous environmental 
pressures. Thus it is not surprising to find many unexplained and complex elements 
with the human genetic make up or genome. The human biology is perhaps one of 
the most complex and intriguing life sciences. Major organs and arbitrarily set out 
body systems have specifically assigned parts of the genome as the common denom-
inator of structure and life long functioning. Nevertheless, system wide approach is 
relevant to medicine. In this context, understanding the role of genes and related 
elements of the human genome are pertinent to any medical practitioner, whether 
general or system specialist, such as the cardiovascular physician.

The present chapter introduces genes, genome, genetics and genomics in simpli-
fied manner that any clinician or healthcare professional should know. The broad 
spectrum of genetics and genomics includes many aspects of the genome (Fig. 1.1). 
Cardiovascular genetics and genomics are broadly similar to any other body system. 
Selected examples might be of interest to medical and healthcare professionals pre-
dominantly engaged with cardiovascular conditions. Emphasis is given on develop-
ing reasonable grasp of genetic or genomic factors, heritable, incidental or somatic, 
that is either etiologically relevant or capable of influencing the natural course of 

Spectrum of genetic discorders

Aneuploidy

Modifier genes

Epigenetics
SNPS/CNVs

Low risk alleles

Micro Del/Dup

MENDELIAN
SINGLE GENE

MITOCHONDRIAL

POLYGENIC/
MULTIFACTORIAL

CHROMOSOMAL

Fig. 1.1 Spectrum of genetic and genomic disorders; a genetic or inherited cardiovascular condi-
tion may be caused by one of these mechanisms

D. Kumar



3

any cardiovascular disease, acting alone or in combination with environmental 
(infection and toxins etc.) or life style factors (nutrition and occupation etc.). The 
text is supported with generous illustrations, tables and boxes with key learning 
points. An interested reader or student might like to choose any book or resource 
listed under ‘Further reading’.

1.2  Basic Facts: Cell Biology, Nucleic Acids, Gene, Genome

1.2.1  Human Genome: Structure and Functional Organization

Living organisms have two types of cells- nucleated, called eukaryotes and non- 
nucleated, called prokaryotes. Bacteria are essentially prokaryotes and all other 
multi-cellular organisms are basically eukaryotes. The total genetic constitution in 
either cell is called genome. In eukaryotes, it is contained within the nucleus and 
hence referred to as nuclear genome. However, the cytoplasm of a eukaryote cell 
also contains another genome within the energy rich intracellular organelle, mito-
chondria, referred to as the mitochondrial genome. Morbid changes in both genomes 
are associated with a number of human disorders. The cardiovascular system, by 
virtue of its diversity, complexity and high energy turnover, has many disorders 
caused by pathogenic changes in either the nuclear DNA (nDNA) or the mitochon-
drial DNA (mtDNA).

Genetic information is transferred from one generation to the next by small sec-
tions of the nucleic acid, deoxyribonucleic acid (DNA), which is tightly packaged 
into subcellular structures called chromosomes. Prokaryotes usually have a single 
circular chromosome, while most eukaryotes have more than two, and in some cases 
up to several hundred. In humans, there are 46 chromosomes arranged in 23 pairs, 
with one of each pair inherited from each parent (Fig. 1.2a, b). Twenty-two pairs are 
called autosomes, and one pair is called sex chromosomes, designated as X and Y; 
females have two X chromosomes (46, XX) and males have an X and a Y (46, XY).

A chromosome consists of a tightly coiled length of DNA and the proteins (e.g., 
chromatins) that help define its structure and level of activity. DNA consists of two 
long strands of nucleotide bases wrapped round each other along a central spine made 
up of phosphate and sugar (Fig. 1.3). There are four bases: adenine (A), guanine (G) 
cytosine (C), and thymine (T). Pairing of these bases follows strict rules: A always 
pairs with T, and C with G. Two strands are, therefore, complementary to each other.

Genes are made up of specific lengths of DNA that encode the information to 
make a protein, or ribonucleic acid (RNA) product. RNA differs from DNA in that 
the base thymine (T) is replaced by uracil (U), and the sugar is ribose. It acts as a 
template to take the coded information across to ribosomes, a major intracellular 
organelle, for final assembly of amino acids into the protein peptide chain (Fig. 1.3). 
The bases are arranged in sets of three, referred to as codons. Each codon “codes” 
for a specific amino acid; hence the term genetic code. Codons are located in exons, 
which contain the coding sequences. A gene may consist of several such coding 
DNA segments. Exons are separated from each other by non-coding sequences of 
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DNA, called introns. Although they are not yet known to be associated with any 
specific function, it is likely that some of these introns might be of evolutionary 
significance, or associated with other fundamental biological functions. During the 
transcription of DNA, the introns are spliced out, and the exons then attach to mes-
senger RNA (mRNA) to start the process of protein synthesis (Fig. 1.4).

Proteins are one of the major constituents of the body’s chemistry. These are 
remarkably variable in their structure, ranging from tough collagen that forms con-
nective tissue and bone, through the fluid hemoglobin that transports oxygen, to 
thousands of enzymes, hormones, and other biological effectors and their receptors 
that are essential for the structures and functions of the body. Each protein is made 
up of one or more peptide chains consisting of series of amino acids, only of which 
20 occur in living organisms. The different structures and functions of proteins 
depend on the order of amino acids as determined by the genetic code (Table 1.1: 
List of amino acids and Table 1.2: The Genetic code).

DNA has the remarkable property of self-replication. The two strands of a DNA 
molecule separate as chromosomes divide during cell division. There are two types 
of cell division; mitosis in all body cells, and meiosis, which is specifically confined 
to the gonads in making sperm and eggs. During mitosis, no reduction of the num-
ber of chromosomes takes place (diploid, or 2n), while meiosis results in half the 
number of chromosomes (haploid, or 1n). The new pairs of DNA are identical to 

Normal male karyotype

1 2 3 4 5

6 7 8 9 10 11 12

13 14 15 16 17 18

19 20 21 22

46,XY

X Y

Fig. 1.2 A normal male karyotype- note small Y chromosome in the last chromosome pair
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a

Fig. 1.3 The Watson-Crick double helix 
model of the nucleic acid (DNA) 
molecule. (a) Replica of the original 
model. (b) Graphic display of position 
of 4 bases (nucleotides), deoxyribose 
sugar, phosphate molecule back bone 
and the hydrogen bonds

those from which they were synthesized. However, sometimes mistakes or muta-
tions occur. These usually result from substitution of a different base, or are due to 
extensive structural changes to genes. In other words, any “spelling mistake” in the 
letters A-T or C-G could result in either complete absence of the coded information 
(nonsense mutation) or a different or alternative message (missense mutation). 
However, not all mutations or spelling mistakes have an adverse effect (neutral 
mutations). Conversely, some changes in the genes might result in a favorable prop-
erty; for example, resistance to disease or other environmental hazard. This is the 
basis for the gradual changes in species over millions of years of evolution. On the 
other hand, mutations may result in defective gene functions, leading to a disease, 
or susceptibility to a disease, due to qualitative or quantitative changes in the gene 
product, the peptide chain. However, these changes may also result from epigenetic 
mechanisms, abnormal RNA molecules, and post-translational modifications (see 
Glossary).
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D
b Thymine

Adenine

Guanine

Cytosine

D = Deoxyribose
(sugar)

P = Phosphate

Hydrogen
Bone

P

(continued)

Coding 5′
G G G G G C C CT T TA A A A

G G G G G C C CU U UA A A A

C C C C C G G GA A AT T T T

DNA Strand

RNA transcript

Template 3′

5′ 3′

3′

5′

Fig. 1.4 Relationship of 
the double stranded DNA 
molecule (coding strand 
and the template) and the 
single stranded RNA 
molecule showing the 
transcript for translation

In brief, the human genome includes all coding and non-coding sections of DNA, 
interspersed sections of DNA of possible evolutionary or epigenomic significance, 
variable length of repetitive DNA sequences (polymorphisms), sections of RNA 
involved in transcription and translation, other RNA sequences involved in support-
ing biological functions, the compact mitochondrial genome (see next section) and 
ribosomal RNA. Apart from reproduction, genes, gene-sequence variation, genomic 
variation, and epigenetic factors are important in growth, development, aging, and 
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Table 1.1 List of amino 
acids with abbreviations

Alanine A Ala
Arginine R Arg
Asparagine N Asn
Aspartic acid D Asp
Cysteine C Cys
Glutamine Q GLN
Glutamic acid E Glu
Glycine G Gly
Histidine J His
Isoleucine I Ile
Leucine L Leu
Lysine K Lys
Methionine M Met
Phenylalanine F Phe
Proline P Pro
Selenocysteine U Sec
Serine S Ser
Threonine T Thr
Tryptophan W Trp
Tyrosine Y Tyr
Valine V Val

Table 1.2 The genetic code BASE 1 BASE 2 BASE 3
U Phe Ser Tyr Cys U
U Phe Ser Tyr Cys C
U Leu Ser STOP STOPa A
U Leu Ser STOP Trp G
C Leu Pro His Arg U
C Leu Pro His Arg C
C Leu Pro Gln Arg A
C Leu Pro Gln Arg G
A Ile Thr Asn Ser U
A Ile Thr Asn Ser C
A Ile Thr Lys Arg A
A Met Thr Lys Arg G
G Val Ala Asp Gly U
G Val Ala Asp Gly C
G Val Ala Glu Gly A
G Val Ala Glu Gly G

aCodon UGA can also code for selenocysteine (Sec) under 
specific circumstances

senescence. Some of these may be evolutionarily conserved across species, but rel-
evant to human health. Mutations and alterations in several of these genomic ele-
ments are linked to a broad range of medical conditions. A detailed description of the 
human genome is beyond the scope and remit of this chapter (see Further Reading 
resources).

1 Introduction to Genes, Genome and Inheritance
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1.3  The Mitochondrial Genome: Structure and Function

The mitochondrial genome is very different from the nuclear genome (Fig. 1.5). In 
many respects, it has more in common with bacterial genomes than the eukaryotic 
nuclear genome. Apart from the mitochondrial genome, a number of nuclear genes 
encode the great majority of mitochondrial proteins. Although the mitochondrial 
genome is very small compared to its nuclear counterpart, because there are many 
copies, mtDNA often makes up 1% or so of total cellular DNA.

As in bacteria, the mitochondrial genome is circular and closely packed with 
genes. There are no introns and little inter-genic non-coding DNA. Mitochondrial 
genes overlap on the same strand, using the same template but read in different read-
ing frames. Twenty-four of the 37 genes specify functional RNAs (two ribosomal 
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Human
Mitochondrial DNA

16, 569bp

ND6 ND5

Cyt b
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16SrRNA
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ATPase6
ATPase8

S
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Fig. 1.5 The mitochondrial genome- note no introns; all circular compact mtDNA molecule is 
compact with coding stands; bulk of the mtDNA codes for the synthesis of transfer RNA (tRNA), 
ribosomal RNA (rRNA), ATPase and respiratory enzymes
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RNAs and 22 tRNAs); the other 13 genes encode components of the electron trans-
port pathway.

A short segment of the mitochondrial genome is triple-stranded of which the 
D-loop (displacement loop) is non-coding produced by replication forks overlap-
ping as they travel in opposite directions around the circular DNA.  The D-loop 
contains the only significant amount of non-coding DNA in the mitochondrial 
genome. Perhaps because of this, it is the location of many of the DNA polymor-
phisms that are such useful tools for anthropologists researching the origins of 
human populations. Because there is no recombination among mtDNAs, complete 
haplotypes of polymorphisms are transmitted through the generations, modified 
only by recurrent mutation. This makes mtDNA a highly informative marker of 
ancestry, at least along the maternal line.

Mutations in mtDNA are important causes of disease, and perhaps also of aging. 
Most energy dependent organs, such as heart and skeletal muscle, are predomi-
nantly affected (Table 1.3). Clinical picture is often described as dilated cardiomy-
opathy or myopathy (see Chap. 10). Phenotypes caused by variation in mtDNA are 

Table 1.3 Diseases caused by mutations or pathogenic polymorphisms in the mtDNA molecule

Chronic progressive 
external ophthalmoplegia 
[CPEO]

External ophthalmoplegia, 
bilateral ptosis, mild proximal 
myopathy

tRNA A3243G, T8356C 
Rearrangement 
(deletion/
duplication)

Kearns-Sayre syndrome 
[KSS]

PEO onset <20 years, 
pigmentary retinopathy, 
cerebellar ataxia, heart block, 
CSF protein >1 g/L

Rearrangement 
(deletion/
duplication)

Pearson syndrome Sideroblastic anemia of 
childhood, pancytopenia, renal 
tubular defects, exocrine 
pancreatic deficiency

Rearrangement 
(deletion/
duplication)

Diabetes and Deafness Diabetes mellitus, sensori- 
neural hearing loss

tRNA A3243G, 
C12258A 
Rearrangement 
(deletion/
duplication)

Leber’s hereditary optic 
neuropathy [LHON]

Subacute painless bilateral 
visual loss, age of onset 
24 years, males>females (~4:1), 
dystonia, cardiac pre-excitation 
syndromes

Protein 
encoding

G11778A, 
T14484C, 
G3460A

Neurogenic ataxia with 
retinitis pigmentosa 
[NARP]

Late-childhood or adult onset 
peripheral neuropathy, ataxia, 
pigmentary retinopathy

Protein 
encoding

T8993G/C

Leigh syndrome [LS] Subacute relapsing 
encephalopathy, cerebellar and 
brainstem signs, infantile onset

Protein 
encoding

T8993G/C

Exercise intolerance and 
myoglobulinuria

Exercise induced 
myoglobulinuria

Protein 
encoding

Cyt B mutations

(continued)
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Table 1.3 (continued)

Mitochondrial 
encephalomyopathy with 
lactic acidosis and 
stroke-like episodes 
[MELAS]

Stroke-like episodes before 
40 years, seizures and/or 
dementia, ragged-red fibers and/
or lactic acidosis, diabetes 
mellitus, cardiomyopathy 
(HCM/DCM), deafness, 
cerebellar ataxia

tRNA A32343G, 
T3271C, A3251G

Myoclonic epilepsy with 
ragged-red fibers 
[MERRF]

Myoclonus, seizures, cerebellar 
ataxia, myopathy, dementia, 
optic atrophy, bilateral deafness, 
peripheral neuropathy, 
spasticity, multiple lipomata

tRNA A8344G, T8356C

Cardiomyopathy Hypertrophic cardiomyopathy 
[HCM] progressing to dilated 
cardiomyopathy [DCM]

tRNA A3243G, A4269G

Infantile myopathy/
encephalopathy

Early onset progressive muscle 
weakness with developmental 
delay

tRNA T14709C, 
A12320G, 
G1606A, T10010C

Nonsyndromic 
sensorineural deafness

Early onset progressive bilateral 
moderate to severe 
sensorineural hearing loss

rRNA A7445G

Aminoglycoside-induced 
nonsyndromic deafness

Early-onset nonprogressive 
sensorineural deafness 
secondary to aminoglycoside 
administration

rRNA A1555G

transmitted exclusively down the maternal line (matrilineal inheritance), but most 
genetic diseases where there is mitochondrial dysfunction are caused by mutations 
in nuclear-encoded genes, and so follow normal Mendelian patterns. As cells con-
tain many copies of the mitochondrial genome, they can be heteroplasmic, contain-
ing a mix of different sequences (Fig. 1.6). Unlike mosaicism for nuclear variants, 
mtDNA heteroplasmy can be transmitted by a mother to her children).

1.4  The Morbid Genome

1.4.1  Genetic Variation or Genetic Differences

The most direct way to measure genetic differences, or genetic variation, is to 
estimate how often two individuals differ at a specific site in their DNA 
sequences—that is, whether they have a different nucleotide base pair at a specific 
location in their DNA. First, DNA sequences are obtained from a sample of indi-
viduals. The sequences of all possible pairs of individuals are then compared to 
see how often each nucleotide differs. When this is done for a sample of humans, 
the result is that individuals differ, on average, at only about one in 1300 DNA 
base pairs. In other words, any two humans are about 99.9% identical in terms of 
their DNA sequences.
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During the past several years, a new type of genetic variation has been studied 
extensively in humans: copy-number variants (CNVs) - DNA sequences of 1000 
base pairs or larger are fairly distributed across the genome. In some instances, 
CNVs could be deleted, duplicated, or inverted in some individuals with mild phe-
notypic effects. Several thousand CNVs have been discovered in humans, indicating 
that at least 4 million nucleotides of the human genome (and perhaps several times 
more) vary in copy-number among individuals. CNVs thus are another important 
class of genetic variation and contribute to at least an additional 0.1% difference, on 
average, between individuals [1]. Despite significant progress, the medical and 
health implications of CNVs are not entirely clear.

Apart from CNVs, genomic variation at the single base pair level, the single 
nucleotide polymorphism (SNP) has attracted a lot of attention. The position of 
SNPs in the context of the gene could have impact on functionality of the gene. 

Cell division

Cell

Cell

Mitochondrion containing
normal mtDNA

Mitochondrion containing
mutant mtDNA

Cell nucleus

Cell nucleus

Cell nucleus

Cell nucleus

nucleus

nucleus

Fig. 1.6 Heteroplasmy in mitochondrial DNA mutation distribution- note from 100% to 0% dis-
tribution of mtDNA mutations compared to wild alleles
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These could be located in the coding region where an amino acid change may occur 
(non-synonymous variant) or may not occur (synonymous variant) [2]. The position 
of the non-coding SNP is also important, for example occurring in 5′ UTR or in the 
intron/exon splice site region (Fig. 1.7).

An important approach is to use SNPs in planning and carrying out the genome- 
wide association studies (GWAS) in many complicated and multi-factorial condi-
tions, such as essential hypertension [3] and coronary artery disease [4]. This 
approach and necessary laboratory and computational bioinformatics tools are now 
accepted as the ‘must have’ components to plan and carry out GWAS or limited 
genetic association studies [5]. Despite many limitations and disappointing lack of 
the clinical utility, GWAS using either SNPs or CNVs remain a very useful method 
in analyzing the genetic or genomic elements in the etiology and pathogenesis of 
complex traits. The classic display of GWAS based loci associated with a complex 
trait or phenotype, such as essential hypertension, is shown by chromosome specific 
peaks, commonly referred to as the Manhattan chart (Fig. 1.8). This approach has 

Gene A Gene B Gene C

Exon 1 Exon 2 Exon 3Intron 1 Intron 2

Terminology used for SNP annotation

Coding SNP

Functional SNP

Gene-associated SNP

SNP

Characterises SNP by its location
Always in a coding region of the genome
SNP can result in amino acid change (non-synonymous variant) or not (synonymous variant)

Characterises SNP as having a function, regardless of its location
Examples of SNPs that are frequently characterised as functional:

SNPs in non-coding 5’ UTR
SNPs in non-coding 3’ UTR
SNPs in intro/exon splice sites
non-synonymous coding SNPs

Characterises a SNP’s location as part of a gene or in close proximity
Gives no information on function or precise position

None of the above-mentioned characteristics have been identified yet

Fig. 1.7 Functional impact of the coding and non-coding single nucleotide polymorphisms (SNPs) 
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allowed estimate the heritability (see Glossary) at much higher levels that was missed 
(missing heritability) by conventional twin, family and population level studies [8].

1.4.2  Coding and Non-Coding Genome

Conventionally, functionality of the genome is divided into two parts- the coding 
and non-coding. Undoubtedly, the coding genome, only a small fraction (2–3%) of 
the whole genome remains the main focus in understanding the genetic or molecu-
lar basis of many normal and morbid phenotypic traits. The coding genome com-
prises of all exons, separated from the non-coding regions as introns by the splice 
site junctions. Some facts about the coding genome remain undisputed- the 3 nucle-
otides bases set of the codon as set out in the genetic code assigned to a particular 
amino acid that is selected for the peptide molecule assembly in the ribosome and 
transfer of the coded instruction (transcription) to the messenger RNA (mRNA) 
template for transport to the ribosome.

The ribosome, through highly complex system of ribosomal RNA (rRNA), receives 
the transcribed information on mRNA assisted by the transfer RNA (tRNA) for initiat-
ing the peptide molecule assembly. Many such peptide molecules take part in the triple 
helical structure of the protein molecule. In addition to the key RNA molecules required 
for transcription, transport, transfer and eventual translation of the coded instructions, 
many other forms of the RNA indirectly influence or interfere in the whole process, 
collectively called RNA interference (RNAi). Within this highly complex molecular 
make up of the RNAi, many different forms exist, for example nucelolar RNA, small 
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Fig. 1.8 Manhattan plots for genome wide association scan data from the Wellcome Trust Case 
Control Consortium contrasting results for the common cardiovascular disorders of coronary dis-
ease, type 2 diabetes with hypertension- The Wellcome Trust Case Control Consortium. Adapted 
from The Wellcome Trust Case Control Consortium [6]. The Manchattan chart of the coronary 
artery disease (CAD) genome wide association study (GWAS)- note high peak for 9p polymor-
phisms. From Lusis [7]; with permission
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nucleolar RNA, micro RNA etc. The precise role of the RNAi remains unclear in shap-
ing the protein molecule and eventually the phenotype of interest. It is generally agreed 
that to some extent protein structural and functional variations are probably due to post-
translational interference or influence of the RNAi [9].

In summing up, the exons in the genome constitute the major part of the coding 
genomes. The non-coding genome makes the bulk of the genome comprising of 
genome wide polymorphic variations, epigenome (see next section), 5′ and 3′ untran-
scribed region (UTR), splice sites between exons and introns and all introns. The non-
coding genome plays a crucial role in the functionality of the coding genome [10].

1.4.3  Epigenome

The concept of epigenetics and later on epigenomics originated from earlier bio-
logical observations of genetic imprinting [11]. Animal studies and later observa-
tions in humans indicated specific ‘parent of origin’ effect on the outcome of certain 
phenotypic traits. This led to the debate on the existence of possible genetic 
imprinted information assigned to either paternal or maternal homologue. This phe-
nomenon was conclusively demonstrated by the presence of interstitial micro- 
deletion or micro- duplication and uniparental disomy (UPD) unmasking the ‘parent 
of origin’ effect. The classic example is that of 15q deletion resulting in Prader-
Willi syndrome due to the loss of paternal effect shown by the deletion in the pater-
nal homologue or conversely by the maternal uniparental disomy (Fig.  1.9). 
Conversley, the phenotype of Angelman syndrome is known to exist due to maternal 
micro deletion of the same 15q region or the paternal UPD [12].

The central theme of the genetic imprinting lies with the fact that the phenotypic 
variation results from without any change within the specific coding regions of the 
gene or many genes in specific genomic locations. There are many such critical loci 
that control the imprinting process assigned the universally agreed term of the 
imprinting control center (ICC) [13]. Since most ICCs or loci are located outside 
and proximal to the 5′ UTR of the gene, the term epigenetics was coined and almost 
instantaneously accepted. Apart from the quantitative genome architectural disrup-
tions (microdeletion or uniparental disomy) involving the critical parental homo-
logue, other mechanisms involved include methylation of the CPG islands, histone 
modifications and point mutations in the ICC. Many examples of epigenetics are 
now increasingly discussed under the broad generic term of epigenomics that in 
addition to specific imprinted genes, compasses many critical loci that collectively 
exert imprinting effect on the penetrance, phenotype variation, and perhaps more 
importantly on the pharmacological responses including adverse drug reactions. 
Such evidence exists in relation to cancer pharmacotherapy [14].

Recent advances in neuro-developmental and neuro-muscular disorders provide good 
evidence for clinical applications of epigenetics and epigenomics. Autism spectrum dis-
order is highly complex and heterogeneous condition that carries devastating conse-
quences. There are many clinically recognizable phenotypes including Rett 
syndrome, which is caused by mutations in the methyl-DNA binding protein MECP2, 
mapped to the X chromosome. The mammalian dosage compensation pathway involved 
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in the X-inactivation or Lyonization regulates the MECP2 gene function [15]. Another 
disease of importance might be the progressive dominantly inherited clinically variable 
neuro-muscular degenerative disease facio- scapulo- humeral muscular dystrophy 
(FSHD), a complex disease that is impacted by many epigenetic influences [16].

The medical importance of epigenomics in cardiovascular medicine is not yet 
fully understood. There is limited evidence for this to be of major importance in 
high risk Mendelian disorders. However, it is likely to be of greater significance in 
complex and multi-factorial conditions, particularly the adult and late onset disor-
ders like coronary artery disease, chronic heart failure and essential hypertension. 
Recent reports on the role of epigenomics phenomenon on the transgenerational 
grandparental transmission of cardiovascular risks and related phenotypes have 
highlighted the significance of genetic and genomic imprinting in cardiovascular 
medicine [17].

a

c

b

Fig. 1.9 (a) The 15q 11.2 microdeletion (FISH: green-centromere; red- 15q paint): Deleted 
maternal homologue or Paternal UPD- the Angelman syndrome (b); Deleted paternal homologue 
or maternal UPD- the Prader-Willi syndrome phenotype (c). (b) Maternal 15q Del Angelman 
Syndrome. (c) Paternal 15q Del Prader-Willi syndrome
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1.5  Traditional Inheritance

1.5.1  Chromosomal

Understanding the chromosomal basis of inheritance is a very fundamental approach 
to grasp the concept of inheritance. This is essentially the holistic nuclear genomic 
inheritance that one could envisage. The diploid genome is spread across the 23 
pairs of human chromosomes including the sex chromosome pair designated as XX 
in a female and XY in the male. Each haploid chromosome has defined genomic 
content that includes coding and non-coding nuclear DNA (nDNA) sequences. Thus 
any variation in number (aneuploidy) will result in either loss (monosomy) or gain 
(trisomy) of the respective chromosome. Mechanisms that underpin origin of tri-
somy 21 are complex and broadly include non-disjunction (error in chromatid polar 
movement during meiosis 1 or meiosis 2) or malsegregation of chromosome 21 in 
case of balanced parental chromosome rearrangement between chromosome 21 and 
another acrocentric chromosome (13–22), commonly referred to as Robertsonian 
translocation. The net chromosome numbers in the parental Robertsonian transloca-
tion carrier is 45 since two chromsomes, for example 14; 21, are attached and look 
one large chromosome (see Further Reading resources).

In the case of Down syndrome, additional copy of chromosome 21 (trisomy 21) 
results in copy number gains of several gene sequences, polymorphic sequences and 
many other elements of genome that are yet not fully understood. The outcome of 
additional genomic content belonging to chromosome 21 is universally recognized 
in the distinct Down syndrome phenotype with multi-system involvement 
(Fig. 1.10). The diverse cardiovascular manifestations in Down syndrome point to 
critical genomic elements involved in cardiovascular development and function.

Another category of chromosomal inheritance refers to structural changes where 
the apparent diploid number (2 × 23 = 46) is maintained but the actual genomic 
content or organization could be disrupted either due to loss (deletion), gain (dupli-
cation), reversal of copy sequences (inversion), joining of chromosome ends follow-
ing two breaks (ring chromosome) and two identical copies of a chromosome 
homologue (isochromosome).

There are a number of possible explanations for structural chromosome abnor-
malities. In most cases, a microdeletion or microduplication probably results from 
non-homologous allelic recombination (NHAR) of the chromosome region flanked 
with copy number variation on either side of the deleted or duplicated chromosomal 
segment involved (Fig. 1.11; [18]).

All these chromosomal structural variations account for genomic dysfunction 
manifesting with diverse physical features and molecular abnormalities. This is also 
referred to as disorder of genome architecture. Since each chromosome segment 
involved is likely to contain series of genes involved, the term contiguous gene syn-
drome is often used. By far the best example is the 22q deletion syndrome with a num-
ber of major anatomic cardiac out flow tract abnormalities (Fig. 1.12).
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Fig. 1.10 Down syndrome (Trisomy 21; 47 + 21)- note characteristic facial appearance (a–c) and 
single palmer (Simian) crease (d)
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1.5.2  Mendelian

Most inherited human disorders follow classic inheritance patterns based on Gregor 
Mendel’s basic laws of inheritance- genes assort independently and manifest in 
either recessive or dominant manner. For convenience, morbid phenotypes or dis-
ease states are classified on the basis of respective genes located on an autosome or 
an X chromosome.

1.5.2.1  Autosomal Recessive
Most common inherited diseases follow autosomal recessive inheritance pattern. In 
simple terms, both parents of an affected individual are heterozygote with the muta-
tion or an allele of a particular gene, however with normal phenotype. The affected 
individual is homozygous with identical mutation or allele on each homologue 
(Fig. 1.13). In some cases, an affected individual might carry a different mutation or 
allele (heterozygote) belonging to the same gene, commonly referred to as com-
pound heterozygote. In contrast, similar phenotype might result in an individual 
heterozygous for two different genes, but functionally related. Such an individual is 
described as a double heterozygote.

Typically at each fertilization event, the probability of having a homozygous 
offspring is 1 in 4 (25%). In the remaining three situations, two offspring would be 
heterozygote (50%) and one (25%) would have normal genotype. In other words, an 

Unequal meiotic recombination

PMP22

PMP22

deletion
HNPP

duplication
CMT1A

The homologous recombination reciprocal of the CMT1A duplication –
a microdeletion 17p12 resulting in HNPP

Fig. 1.11 Non-allelic homologous recombination involving the 17p12 region- deletion results in 
hereditary nerve pressure palsy and duplication manifests with the type 1A Charcot-Marie-Tooth 
(CMT1A) hereditary motor and sensory neuropathy (HMSN) [29]
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Fig. 1.12 The 22q deletion syndrome- (a) FISH showing normal and deleted 22q region (b) 22q 
deleted segment- different sizes deletion result in variable phenotypes; an example of contiguous 
gene syndrome
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apparently clinically normal offspring of an affected sibling would carry a 2 in 3 
probability for being heterozygote or carrier.

In the population context, for common autosomal recessive disorders, for exam-
ple cystic fibrosis in European people and beta thalassemia in the Mediterranean, 
heterozygotes enjoy some advantages. This is probably more important for people 
and communities with wide spread community inbreeding and the socio-cultural 
practice of consanguinity compared to others following the assorted mating. Thus 
the likelihood of someone being heterozygous for an autosomal recessive trait 
would be high with high level of consanguineous marriages compared to selective 
or random marital relationships. Whilst consanguineous marriages and communal 
inbreeding practices are common in many social-cultural and religious communi-
ties, the perceived health burden of recessively inherited disorders and probably 
polygenic or multifactorial diseases is arguably greater. However, there is ongoing 
controversy about bias for data collection and interpretation. Nevertheless, in clini-
cal practice it is vitally important to establish the level of consanguinity and esti-
mate the degree of genetic relationship in terms of heterozygosity (proportion of 
alleles shared inherited from a common ancestral parent) and homozygosity (pro-
portion of alleles inherited from parents with common ancestral parents).

Inherited cardiovascular phenotypes that follow autosomal recessive inheritance 
are often complex, multi system and have an underlying metabolic pathology. A 
large heart in a sick new born requires consideration of a metabolic storage disorder, 
for example glycogen storage disease or Pompe’s disease (see elsewhere in this text).

1.5.2.2  Autosomal Dominant
This Mendelian mode of inheritance is probably most relevant in clinical practice 
dealing with a number of inherited cardiovascular conditions. Notable examples 
include hypertrophic cardiomyopathy, arrhythmogenic right ventricular cardiomyop-
athy, dilated cardiomyopathy with conduction defect, long QT syndrome, Brugada 
syndrome, familial cardiac conduction disease and many more (see specific chapters 

disomy 
15 oocyte

haploid
sperm

Trisomy 15 conceptus

Loss of one homologue

or

biparental biparental uniparental

maternal
heterodisomy 15
(Prader-Willi 
syndrome)

Fig. 1.13 Typical 
pedigree showing 
autosomal recessive 
inheritance- note each 
parent heterozygote with 
the mutated allele and the 
affected offspring 
homozygous for both 
alleles. Multiple affected 
members spread over more 
than one generation might 
falsely be interpreted as a 
dominant trait, also 
referred to 
pseudo-dominant
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for these disorders). There are several genes spread across the human genome that are 
associated with a number of ICCs inherited in the autosomal dominant manner.

Typically the affected person, one of the parents, would be the heterozygous with 
a pathogenic mutation in a specific gene at a specific location (exon or exon-intron 
splice site) or a polymorphic variant located either upstream or downstream of the 
splice site junction or even within the exon or intron capable of interfering in the 
transcription and thus eventually either loss or abnormal gene product. In a true 
autosomal dominant situation, the correlation with the genotype and the phenotype 
should be consistent in all cases. However, in clinical practice, this is uncommon. 
The transmission from the affected parent would essentially be 50% or 1  in 2 
(Fig. 1.14). This is the basic distinction of autosomal dominant inheritance from any 
other Mendelian inheritance (see X-linked dominant in later section). Another 
important observation is the major clinical distinction between the heterozygous 
and the homozygous persons with the same autosomal dominant disease. For exam-
ple, parents heterozygous with an LDLR mutation affected with familial hypercho-
lesterolemia (FH), would be at 25% risk for an affected child who could have 
extremely high plasma cholesterol levels, so called homozygous FH.  It is likely 
similar examples occur in clinical practice that are probably not recognized due to 
either lethality or death at a very young age. This might be applicable to ICCs with 
relatively high prevalence rate, for example sarcomere related hypertrophic cardio-
myopathy with a general population incidence of around 1 in 500.

Many mutations and polymorphic variants located in critical positions within the 
gene, could disrupt the coding sequences and thus might result in either a qualitative 
(abnormally functioning gene product) or quantitative (absent or insufficient gene 
product) alteration in the gene function. In simple words, heterogeneity at different 
genetic and molecular levels is highly likely and is often encountered.

In addition to the genetic heterogeneity, clinical variation or clinical heterogeneity 
is a likely to be associated. There are number of factors underlying the clinical variation 
including gender variation, age related penetrance, personal, life-style and environ-
mental pressures. Thus it is mandatory to carry out detailed analysis on all background 
factors and carefully interpret the family history. The interpretation might well be mis-
leading due to some family members manifesting with unrelated phenocopies.

1.5.2.3  X-Linked Recessive
Among all human chromosomes, the X chromosome is probably most relevant to 
many biological functions. The proportion of human genome shared by the X chro-
mosome pair is relatively high with many genes encoding several proteins involved 
in complex metabolic pathways and multi-system physiological roles [19]. There 
are many X-linked Mendelian disorders listed in OMIM, of which a significant 
proportion involves the cardiovascular system.

Most mutations in genes mapped to the X chromosome behave in recessive man-
ner. However, the transmission pattern is different from autosomal recessive since 
the male carrier, often clinically affected, would be hemizygous compared to the 
female carrier, often unaffected, would be heterozygous for the mutation (Fig. 1.15). 
Interpretation of the family history related to the X-linked recessive disorder 
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Fig. 1.14 Pedigree showing autosomal dominant inheritance- note affected father and son; male- 
male transmission of the heterozygous trait is confirmatory for the autosomal dominant inheri-
tance. When both parents are heterozygotes then 25% risk for severely affected homozygous 
offspring, for example homozygous familial hypercholesterolemia with massively elevated plasma 
cholesterol requiring emergency plasmapheresis
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Fig. 1.15 Typical pedigree for X-linked inheritance; note hemizygous male (affected) and hetero-
zygous female (normal phenotype) born to an obligate carrier mother
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typically reveals affected males spread over 2 or more generations with evident 
maternal lineages. Most intervening female relatives (sister, mother, maternal aunt 
and maternal female cousin) are clinically asymptomatic and are deduced to carry 
the same pathogenic mutation or polymorphic variant shown in the affected male. 
In some situations, the female carrier could become symptomatic, for example pro-
gressive heart failure in a female carrier of Duchene or Becker muscular dystrophy 
or lysosomal storage metabolic Fabry’s disease. This could be erroneously 
 interpreted as a dominantly inherited disorder.

In simple segregation terms, in the X-linked recessive inheritance, typically the 
female carrier carries the probability of 50% (1 in 2) for passing on the mutation to 
both female and male offspring. This would be shared with other 1st degree female 
relatives (sister and mother) with a 50% or 1 in 2 probability. In contrast, the affected 
male carrier would carry 100% risk to pass the mutation to all female offspring and 
none to his sons. This is based on the simple biological fact that the conception of 
the male requires a Y chromosome bearing sperm compared to the X chromosome 
bearing sperm involved in the female offspring conception.

1.5.2.4  X-Linked Dominant
This mode of Mendelian inheritance in man is probably least understood or appreci-
ated. As the name implies, the putative mutation in a gene located on one of the X 
chromosomes in a female (heterozygous) and in the only X chromosome in the male 
(hemizygous) should manifest with clinical symptoms, physical signs or any other 
recognizable clinical, electrophysiological, biochemical, molecular, pathological or 
imaging phenotype. However, in clinical practice, a proper recognition might not 
always be possible due to high level of lethality in the hemizygous male and extreme 
clinical variation in the heterozygous female. The mode of transmission would also 
follow simple rule of segregation- 100% chance to all female offspring from the hemi-
zygous male and none to male offspring. In contrast, a heterozygous female would 
carry a 50% chance for passing on the mutation equally to male or female offspring. 
However, in reality, the clinical severity might be more intense in the male child.

In clinical cardiovascular medicine practice, it is rare to come across an inherited 
cardiovascular condition apparently inherited in the X-linked dominant manner. 
There is no doubt that clinically some of these disorders are often under diagnosed 
due to apparent unclear family history and disparity in the gender specific clinical 
phenotypes. It is possible that some of the X-linked recessive disorders, for example 
Fabry’s disease, might behave in an apparent X-linked dominant manner given the 
fact that a significant proportion of heterozygous females might manifest with car-
diac dysfunction [20]. Similarly, in the case of Fragile-X syndrome (FRAXA), the 
mode of transmission does not always follow the classic X-linked recessive inheri-
tance and is often described as X-linked semi-dominant, a term that needs to be 
avoided as it has not clear scientific explanation. In other words, there could be 
paradoxical relationship between the gender specific clinical phenotypes and segre-
gation in the family. This was first observed in FRAXA and is referred to as the 
Sherman paradox [21].
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1.5.3  Mitochondrial

The mitochondrial genome was introduced in the earlier part of this chapter. 
There are many uncommon disorders that are directly or indirectly related to 
mitochondrial DNA (mtDNA) gene mutations or polymorphic variants. However, 
there are probably more rare Mendelian genetic diseases that result from muta-
tions or polymorphic variants interfering with the function of certain nuclear 
DNA (nDNA) genes. These are Mendelian disorders with the phenotype of mito-
chondrial dysfunction, for example Freidreich’s ataxia with dilated cardiomy-
opathy [22].

Most mtDNA diseases commonly present with variable complex phenotypes 
predominantly involving the energy rich organs and body systems, for example 
cerebral cortex, endocrine glands, choroid and retina, cochlea, skeletal muscles, 
myocardium and many others. In the cardiovascular medicine practice it is not 
uncommon to encounter these conditions that are often missed or under diagnosed 
(see elsewhere in this text). Typically, the pedigree analysis with a mitochondrial 
disease reveals negligible transmission from an affected male. In contrast, the pat-
tern of transmission from an affected female, for example mother, might be variable 
from 100% to less than half.

Apart from the quantitative variation, the distribution of clinical manifestations 
in a given family with the same mtDNA mutation commonly indicates wide diver-
sity. This is largely due to heteroplasmy, a term commonly used in the mitochon-
drial genetics. It implies that the proportion of wild and mutated mtDNA is 
inadvertently inconsistent in different tissues and organs, for example hetero-
plasmy of the mtDNA mutation in sensori-neural deafness associated with type 2 
diabetes mellitus and dilated cardiomyopathy might result in a combination of 
affected family members with only one condition or a combination of the main 
manifestations [23].

1.6  Polygenic/Multi-Factorial

In clinical genetics, most apparently inherited diseases do not comply with either 
chromosomal or Mendelian inheritance. In such a case, the consideration would be 
either for multifactorial/ polygenic inheritance or one of the uncommon non- 
traditional inheritance patterns (see next section). The multi-factorial or polygenic 
inheritance is included within the traditional inheritance category. As the term 
implies, several genes with small additive effect are involved that are spread across 
the whole genome (Fig.  1.16). Collectively morbid mutations or biologically 
important polymorphic variants modify the threshold of tolerance to a host of envi-
ronmental factors. A lower threshold could result in structural or functional pheno-
types interpreted as a complex disorder, for example systemic hypertension, coronary 
artery disease, a congenital developmental heart anomaly and diabetes mellitus (both 
type 1 and 2).
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Fig. 1.16 Polygenic/ Multifactorial inheritance- note (top) the liability curve showing normal 
threshold for a trait or phenotype (a) and another curve (lower) showing a ‘shift to the right’ with 
increased liability (b)
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Interpretation of the family history for a multi-factorial/ polygenic inheritance 
typically reveals one or more of the following observations:

 1. Most affected family members are randomly distributed.
 2. Both maternal or paternal lineages are likely
 3. Affected persons may not have a set age related pattern but often in adults
 4. Transmission of a phenotypic trait does not follow either a Mendelian or mito-

chondrial inheritance pattern
 5. Variation in the pattern and/or severity of the phenotype is possible

Genetic counseling for a polygenic/multifactorial disease requires few important 
principles to follow-

 1. Most are common but without any clear detectable mutations or pathogenic 
variants

 2. Risk of recurrence if often small, less than 5% in most cases
 3. Affected parent-child or sibling-sibling pairs might indicate higher recurrence 

risk
 4. Affected cousins or distant relatives might not have significant impact on recur-

rence risk
 5. Recurrence risk could be high if the affected person happens to be of the low 

prevalence gender; for example pyloric stenosis in a female would carry higher 
recurrence risk since incidence is much lower in the female (The Carter effect)

 6. Recurrence risk could be approximately equal to the square root of the birth 
incidence; for example recurrence risks for ventricular septal defect (VSD) 
with a birth incidence of approximately 1 in 100 [√1/100 = 0.31] could be just 
under 3% (Ref.)

 7. Heritability estimates, based on dizygotic vs. monozygotic twin studies, pro-
vide a reasonable guide for recurrence risks in 1st degree relatives. The higher 
concordance probably reflects greater level of heritability in a given 
phenotype.

 8. Data from complicated large genome wide association (GWAS) studies is often 
unhelpful in recurrence risk calculation. Typically GWAS provides genetic sus-
ceptibility data for a given complex medical disease. Most such studies require 
several hundreds and thousands of affected people with perceived similar clini-
cal phenotypes. It is likely that GWAS data might also help in revising the heri-
tability estimates by adding the previously unknown genetic component, 
commonly referred to as the missing heritability [24, 25, 26]. Whilst the out-
comes of GWAS might look very attractive and encouraging, in clinical prac-
tice most of these observations have extremely limited applications [27].

 9. In some cases and for certain complex medical diseases, the genetic counseling 
might help in good case selection for high profile and technically complicated 
and expensive surveillance in asymptomatic family members; for example an 
echocardiogram or CT coronary angiography
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 10. The final outcome might be specific prophylactic measures, such as a drug, for 
example the role of biguanide oral anti-diabetic (metformin) in obese and over-
weight individuals. The risk for type 2 diabetes mellitus (T2DM) is consider-
ably high in obesity and overweight persons that are evidently complex medical 
conditions and perfect examples for multi-factorial/ polygenic inheritance.

1.7  Nontraditional Inheritance

1.7.1  Epigenetics/Genetic Imprinting/Uniparental Disomy

In the previous section, the concept of epigenetics and epigenomics was introduced. 
This has swept into the clinical arena relatively faster compared to other new genetic 
and genomic mechanisms.

In clinical practice, the genetic imprinting and different directions through which 
this might manifest are commonly taken into consideration. This is particularly 
important in terms of the inheritance pattern, segregation of the clinical phenotype, 
clinical variation and recurrence risks. The genetic imprinting is predominantly 
focused on the parent of origin phenomenon. It is now widely accepted that inacti-
vating mutations of the imprinting control centre (ICC) genes and methylation of 
the CpG islands located proximal to the 5′ end of the untranscribed region (UTR) 
probably account for the loss of the parent of orgin effect. However, uniparental 
disomy, practically nil contribution of the critical parental set of genes or the whole 
chromosomal homologue, also account for a significant proportion of clinical out-
comes of genetic imprinting. In addition, post-translational histone modifications 
also account for a small proportion of epigenetic changes.

Most genetically imprinted disorders clinically manifest with isolated or multiple 
developmental malformations or neuro-developmental delay. In addition, genetic 
imprinting is probably relevant in cancer, particularly in developing novel tumour 
markers for diagnosis, prognosis and therapy. However, it is as yet of limited practi-
cal use in the clinical cancer genetics dealing with inherited cancers and the cancer 
family syndromes.

In cardiovascular medicine, particularly dealing with inherited cardiovascular con-
ditions, the evidence for genetic imprinting is gradually building up. In most cases, it is 
restricted to multiple malformation dysmorphic syndromes with structural cardiovas-
cular manifestations and possibly in some rare inherited metabolic diseases. However, 
it is likely that environmental influences during mammalian development lead to stable 
changes in the epigenome that alter the individual’s susceptibility to chronic metabolic 
and cardiovascular disease, and discuss the clinical implications [28].

1.7.2  Trinucleotide (Triplet) Repeats

Apart from a small fraction of the coding genome, the large part is full of apparently 
non-coding DNA and RNA sequences including evolutionary conserved sequences, 
biologically important sequences that regulate essential functions, such as gene 
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organization and function, mitotic and meiotic cell divisions, cellular repair and 
ageing (apoptosis) processes. Within the non-coding genome, there are many vari-
able length repeat sequences that are tandemly distributed, commonly referred to 
satellite DNA. Within the broad group of variable number tandem repeats (VNTRs), 
microsatellite repeats (more than 50 to few hundreds base pairs) and minisatellite 
repeats (up to 50 base pairs) are included. Microsatellites and minisatellites occur at 
thousands of locations in the human genome and are notable for their high mutation 
rate and diversity in the population. The name “satellite” refers to the early observa-
tion that centrifugation of genomic DNA in a test tube separates a prominent layer 
of bulk DNA from accompanying “satellite” layers of repetitive DNA. Microsatellites 
are often referred to as short tandem repeats (STRs) by forensic geneticists, or as 
simple sequence repeats (SSRs) by plant geneticists. They are widely used for DNA 
profiling in kinship analysis and in forensic identification. They are also used in 
genetic linkage analysis/marker assisted selection to locate a gene or a mutation 
responsible for a given trait or disease.

Apart from VNTRs and STRs, there are is another class of DNA sequence repeats 
that occur in the vicinity of coding regions of the genome. These are commonly in the 
form of triplets, however longer sequence repeats involving 4 or more also occur. The 
precise functional role of the DNA triplet repeats is not clearly understood. However, 
it is agreed that these take important part if gene regulation and expression. Normally 
the trinucleotide repeats occur up to certain numbers that provide a stable threshold 
for a specific gene. These are a subset of unstable microsatellite repeats that occur 
throughout all genomic sequences. If the repeat is present in a healthy gene, a dynamic 
mutation may increase the repeat count and result in a defective gene. The trinucleo-
tide or triplet repeats are sometimes classified as insertion mutations and referred to as 
a separate class of mutations within the broad group of non-traditional inheritance. 
There are now many recognizable Trinucleotide repeat disorders, also known as tri-
nucleotide repeat expansion disorders, triplet repeat expansion disorders or codon 
reiteration disorders) (Table 1.4). Most of the triplet repeats disorders include progres-
sive inherited neurodegenerative diseases, for example fragile X syndrome, spinocer-
ebellar ataxia, Huntington’s disease and dystrophia myotonica. In most cases, the 
abnormal number of triplet repeats occur proximal to the 5′ end of the gene, except for 
myotonic dystrophy in which abnormal expansion is located at the 3′ end. 
Exceptionally, in Friedreich’s ataxia, the triplet repeats expansion is located at the 
intronic 1 splice site (Ref.). There are not many examples of triplet repeats disorders 
within the group of inherited cardiovascular conditions. It is likely, however, that most 
of the triplet repeats disorders happen to be heterogeneous and pleiotropic, thus highly 
likely to impact up on cardiovascular system.

1.7.3  Nonallelic Homologous Recombination

Conventional and molecular cytogenetic techniques are the cornerstone for inves-
tigating a number of genetic conditions and syndromes. The basic classification of 
chromosome disorders rests on numerical and structural categorization. Both 
groups indicate gross and minimal genome disorganization. Within the structural 
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chromosome abnormalities, deletions and duplications involving variable chromo-
somal segments are clinically recognizable with salient phenotypes and recorded 
accordingly, for example 4p deletion (Wolf- Hirschhorn syndrome), 5p deletion 
(Cri-du- Chat syndrome), 7q deletion (Williams syndrome), 11 q deletion (Jacobson 
syndrome), 15 q deletion (Prader-Willi (Pat) and Angelman (Mat) syndromes 
based on the parent of origin), 17 p deletion (Hereditary nerve pressure palsy), 17p 
duplication (Charcot-Marie-Tooth disease type 1A), 20 q deletion syndrome 
(Alagile syndrome) and 22 q deletion (di George syndrome). These are good exam-
ples of disorders of the genome architecture [29].

With the completion of the human genome sequencing and emergence of many 
next generation genome sequencing (NGS) technologies, it is now possible to carry 
out in depth genome analysis in any case with multiple malformations or complex 
clinical phenotypes. Techniques like array comparative genome hybridization 
(aCGH), whole exome sequencing (WES) and whole genome sequencing (WGS) 
are now in routine clinical use. These are extremely powerful for deciphering copy 
number variations (CNVs) and single nucleotide polymorphisms (SNPs), the hall 
mark for documenting genome level disorganization involving loss, gain or reversal 
of the genome content in a specific chromosomal location.

There are recurrent regions in the human genome that are frequently encountered 
in multiple malformations, developmental delay, intellectual difficulties and behav-
ior problems like autistic spectrum disorder. Why are these prone to deletions or 
duplications? This has been debated and discussed in a number of reports and 
reviews [30]. One of the arguments includes non-allelic homologous recombina-
tion, NAHR.  Essentially, each recurrent specific genomic region is flanked with 
variable repeat sequences at proximal and distal ends. The presence of repeat 

Table 1.4 The triplet (trinucleotide) repeat disorders

Disorder Triplet Location Normal# Mutation#
Fragile X syndrome CGG 5’UTR 10–50 200–2000
Friedreich’s ataxia GAA Intronic 17–22 200–900
Kennedy disease [SBMA] CAG Coding 17–24 40–55
Spinocerebellar ataxia 1[SCA1] CAG Coding 19–36 43–81
Huntington disease CAG Coding 9–35 37–100
Dentatorubral-Pallidoluysian Atrophy 
(DRPLA)

CAG Coding 7–23 49>75

Machado-Joseph disease[SCA3] CAG Coding 12–36 67>79
Spinocerebellar ataxia 2[SCA2] CAG Coding 15–24 35–39
Spinocerebellar ataxia 6[SCA6] CAG Coding 4–16 21–27
Spinocerbellar ataxia 7[SCA7] CAG Coding 7–35 37–200
Spinocerebellar ataxia 8[SCA8] TG UTR 16–37 100>500
Myotonic dystrophy CTG 3’UTR 5–35 50–4000
Fragile site E [FRAXE] CCG Promoter 6–25 >200
Fragile site F [FRAXF] GCC ? 6–29 >500
Fragile site 16 A [FRA16A] CCG ? 16–49 1000–2000
UTR-untranslated region
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sequences might interfere in meiotic recombination during the reduction phase in 
meiosis, thus resulting in another homologue with either loss or addition of the criti-
cal region. Since it is unrelated to any specific allelic groups or combinations and 
involves the two homologues, it is appropriately named the non-allelic homologous 
recombination (NAHR) [30].

The concept of NAHR is probably correct and offers understanding of the com-
plex genome level mechanisms in the pathogenesis of a number of rare and common 
conditions. It is likely that a number of rare genetic conditions encountered in clini-
cal cardiovascular medicine are due to genome level disorganization that is best 
explained by NAHR.

1.8  Digenic, Oligogenic and Multigenic Inheritance

In the previous section, an introduction to the polygenic/ multi-factorial inheritance 
is given. Conceptually, a genetic disorder, resembling a single gene Mendelian dis-
order, could also result from mutations in few different genes that share physiologi-
cal roles, either belonging to the same gene-molecule pathway or biologically 
related functions. Terms like oligogenic (2–3 genes) or multigenic (10–20 genes) 
are used in some what arbitrary manner. It is argued that there is usually a single 
gene that behaves in dominant manner and other genes act like modifier genes [31]. 
However, it is also likely that altered gene function of few genes (less than 5) col-
lectively manifest with the recognizable clinical phenotype.

It is now increasingly apparent that modifier genes have a considerable role to 
play in phenotypic variations of single-gene disorders. Intra familial variations, 
altered penetrance, and altered severity are now common features of single gene 
disorders because of the involvement of several genes in the expression of the dis-
ease phenotype. It is now certain that cancer occurs due to the action of the environ-
ment acting in combination with several genes. Although modifier genes make it 
impossible to predict phenotype from the genotype and cause considerable difficul-
ties in genetic counseling, they have their uses [32].

The clinical presentation and the pattern of transmission in oligogenic disorders 
might follow one of the Mendelian patterns. Most of these diseases have a major 
central phenotype, for example progressive visual impairment, deafness, progres-
sive muscle disease, joint hypermobility, chronic heart failure and many others. 
There are now several groups of genetic disorders that are discussed in the context 
of oligogenic or multigenic diseases. Examples include cortical heterotopia, retini-
tis pigmentosa, macular degeneration, congenital cataract, sensori-neural deafness, 
congenital myopathy, demyelinating neuropathy, joint hypermobility, Hirschprung’s 
disease and many others. In cardiovascular medicine practice, inherited cardiovas-
cular conditions like hypertrophic cardiomyopathy, dilated cardiomyopathy, ven-
tricular non-compaction, atypical long QT syndrome, Brugada syndrome, cardiac 
conduction disease and probably familial atrial fibrillation could also be regarded as 
oligo/multi- genic diseases. This conceptual approach has led to studies looking into 
prospects of potential therapeutic applications [33].

1 Introduction to Genes, Genome and Inheritance



32

1.9  Mosaicism: Somatic and Gonadal

In biological terms, the mosaicism implies a combination of differential cellular and 
molecular phenotypes arising from a single cell line. In comparison, a chimaera 
indicates a combination of different cells and molecules related to two different cel-
lular lineages.

The mosaicism could be limited to somatic distribution, established at very early 
embryonic mitotic cell divisions leading to germinal layer differentiation. In such a 
case, the ultimate phenotype would be dependent up on the destined tissue or organ. 
In most cases, clinically this might manifest as a localized unusual growth or devel-
opmental anomaly. Examples might include asymmetric congenital heart anomaly 
and possibly atypical septal hypertrophy, mimicking variable expression of a 
Mendelian cardiovascular condition. Most of these are probably phenocopies rather 
than the true phenotype. Genetic analysis of the unusual tissue compared to the 
apparently normal tissue might indicate a detectable abnormality. For example, in 
certain pigmentary disorders, the cultured skin fibrobalsts might reveal confined 
chromosome abnormality compared to the normal looking adjoining region. In any 
such case, risk of recurrence is consistently low and the parents are convincingly 
reassured.

The mosaicism involving the germ cell lines and limited in the gonadal cellular 
lineages often create clinical dilemmas. The gonadal mosaicism evidently arose 
from the meiotic cell division, most likely in meiosis II, and might result in a com-
bination of germ cell lines- wild and with a mutation or chromosomal rearrange-
ment. In any such situation, the parental analysis should be normal. Apart from the 
theoretical possibility of clarification in a testicular biopsy, it would be practically 
impossible to offer any conclusive evidence. The evidence is mostly in the form of 
recurrence of a phenotype or disorder in the absence of a family history and with 
entirely normal parents. However, there are exceptions that might confuse the clini-
cal picture. In Mendelian genetics, examples include recurrence in another sibling 
with similar detectable mutation but without any parental link [34]. Risk of recur-
rence (for example, recurrent hypertrophic cardiomyopathy or long QT syndrome) 
could be small but would need to be considered in genetic counseling, particularly 
in situation like prenatal diagnosis [35].

 Conclusions
The practice of clinical cardiovascular genomic medicine and the clinical man-
agement of inherited cardiovascular conditions requires the clinician, specialist 
trainee, nurse and allied healthcare practitioner and the student understand and 
apply the following facts about basic genetics and genomics:

• Nucleic acids- nucleotides and the double helix structure
• The concept of gene and its organization, specifically exons, introns and 

splice sites
• The position of genes or the coding part of the genome in relation to rest of 

the genome
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• Broad structural and functional organization of the genome
• Importance of the non-coding genome
• Importance of the RNA interference (RNAi)
• Clinical importance of genome variation including variable sequence repeats, 

copy number variation and single nucleotide polymorphisms
• Clinical utility of genetic heterogeneity and pleiotropism
• Mutational heterogeneity- understand and interpreting different mutations
• Traditional inheritance patterns
• Core concepts of the Mendelian inheritance
• Understanding concepts and different forms of the non-traditional 

inheritance
• Clinical importance of genome disorganization- deletion, duplication, inser-

tions etc.
• Clinical importance of digenic, oligogenic or multigenic basis of inherited 

cardiovascular phenotypes
• Clinical relevance of epigenetics and genetic imprinting
• Understanding somatic and gonadal mosaicism with clinical applications
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2Spectrum and Classification of Inherited 
Cardiovascular Disease

Paul Brennan

Abstract
Since early times, clinicians and researchers have sought to explain the world 
around them using classification systems. Some of these are simply catalogues 
and others attempt to capture complexity in simple form. So it is with inherited 
cardiac conditions (ICCs). Early classification systems—which remain useful—
were based on anatomical/pathological description. As the genetic mechanisms 
and genes responsible for ICCs were identified, initial attempts at molecular 
classification looked promising. But as knowledge increases, so often does com-
plexity, and over the past 20 years the underlying heterogeneity that characterises 
so much human disease has been reported in every ICC. While this has lead to 
some fascinating insights into biology and therapy, this heterogeneity remains 
challenging to classify and, ultimately, a combined approach is necessary. As 
genomic medicine progresses and we enter an era of personalised medicine, our 
ability to develop an organic classification system able to deal with complexity 
will be key.
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2.1  Introduction: Why Classification is Challenging

For centuries, scientists and clinicians have sought to describe and classify the 
world around them. Once a simple cataloguing exercise, disease classification sys-
tems are now being elegantly refined by increasing knowledge about the molecular 
causes of disease and the advent of targeted therapies.

In order to understand how we can classify and categorise inherited cardiovascu-
lar conditions (ICC), we need to think about the heart not as a single organ but as a 
multi-dimensional complex of tissues and processes: so complex, in fact that we are 
only beginning to understand it. Classification—as we will see—is a major chal-
lenge at present. Why bother? We need a framework to work within, not only to 
identify common disease mechanisms and common opportunities for therapeutic 
intervention but also to understand the clinical and pathophysiological differences 
between sub-types of disease. Ideally, such a framework should also enable us to 
predict the phenotypic impact of a gene mutation. Early classification systems intro-
duced bias, whereas more modern, precise classifications may seem unduly com-
plex. Ultimately, however, biology is complex, and the challenge is to reduce that 
complexity to a clinically useful tool.

In this chapter we will consider ways in which we can group ICCs together into 
common themes; in doing so we will frequently discover that this often doesn’t 
work. To some extent this reflects underlying heterogeneity: both phenotypic (or 
‘variable expression’; different effects of a single aetiology; or different genetics 
aetiologies giving rise to the same phenotype. In the following pages, the word 
‘phenotype’ is used as a substitute for ‘clinical or pathological presentation’. This 
chapter does not attempt to classify all inherited cardiovascular disease but instead 
considers specific disease groups to illustrate some of the inherent difficulties in 
classification and suggest future improvements.

2.1.1  Are You a ‘Lumper’ or a ‘Splitter’?

These terms, first used by Charles Darwin, were introduced into medicine by Victor 
McKusick, one of the early founders of medical genetics [1]. ‘Lumpers’ tend to spot 
similarities between diseases and create phenotypic relationships; early classifica-
tion systems were often based on lumping, which has proven extremely successful 
in gene discovery. ‘Splitters’, on the other hand, focus on the differences between 
diseases and tend to sub-categorise. The increasing ability of science to identify 
genetic mutations encourages such reductionism but this creates a problem too: 
diseases affecting a complex organ such as the heart cannot necessarily be reduced 
to the level of a single gene mutation. Increasingly—as we will see later—we need 
to adopt a more (w)holistic approach which explains a phenotype in terms of its 
major genetic predisposition (for example, a single gene mutation), its modifying 
genotype and its environmental modifiers. Such an approach has been termed 
‘organicism’ [2].
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2.1.2  The Central Paradigm: A Simple Disease Model

First, consider the most straightforward paradigm for an inherited disease. In very 
simple terms, a disease phenotype occurs as a result of a genetic predisposition in 
the context of an environment. For inherited cardiovascular diseases, the most con-
ceptually straightforward genetic predisposition is a single gene mutation that sig-
nificantly impacts on the function of a gene or its product (e.g. a protein); and for 
many such diseases that predisposing mutation is so significant that it is highly 
likely to lead to the development of that disease—that is, it is highly penetrant. 
Much of our current knowledge is based on highly penetrant single gene disease; 
and many of the genes we have come to know and understand were originally iden-
tified in large families with multiple cases of disease.

Penetrance may be increased by the presence of a significant environmental 
modifiers (e.g. diet in someone with familial hypercholesterolaemia) or co- 
inheritance of a mutation in a different gene (or more than one gene). These ‘mod-
ifiers’ may also give rise to differing expressions of the main predisposing gene 
mutation (‘variable expression’) within the same family or between different 
families, depending on the genetic background of the individuals concerned (a 
little like the range of interpretations of a symphony using different combinations 
of conductor and orchestra). It is also becoming clear that some modifiers may 
reduce the penetrance of a disease. As genomic medicine develops over the com-
ing decade, many such modifiers will be identified. Inevitably, without all of this 
fine detail, classification of inherited disease, and the clinic use of such tools, will 
be limited.

2.2  Current Classification Systems

In the following sections we will consider three classification systems: classification 
based on structure, molecular pathway and genetic mechanism. These are frequently 
difficult to disentangle, however.

2.2.1  Classification Based on Pathology/Anatomy/Physiology

Anatomical classification systems have emerged as the standard starting point, and 
the attempt to incorporate further reductionist elements (see below) has become 
challenging.

2.2.1.1  ICD10
The World Health Authority’s International Statistical Classification of Diseases 
and Related Health Problems version 10 (ICD10; WHO 2016 [3])) attempts to clas-
sify heart diseases according to anatomy/pathology but this currently lacks the fine 
detail required for hereditary disease (see Box 2.1). ICD10 is not designed to be a 
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rare disease classification system, however: its use is mainly as a clinical coding 
system in health care organisations. Future revisions of this system may improve 
matters, although a separate rare disease classification system is required.

2.2.1.2  Online Inheritance in Man (OMIM)
OMIM started life in the 1960s as a paper-based catalogue of human inherited dis-
ease phenotypes and genes (Mendelian Inheritance in Man, MIM) compiled by Dr. 
Victor McKusick [1, 4]. After 12 subsequent revisions the catalogue was so large 
that a web-based format was required. OMIM is a carefully curated catalogue of 
phenotypes and genotypes.

At the time of writing, OMIM has detailed information concerning almost 5000 
inherited phenotypes where the genetic cause is known; approximately 1600 pheno-
types with unknown cause (including those in which the genetic locus has been 
localised to a specific chromosomal region but the gene itself has not been identi-
fied); 1800 phenotypes thought to have an inherited basis and, in addition, informa-
tion about more than 15,000 genes.

In general, OMIM catalogue numbers are assigned in sequence based on the date 
on which the phenotype or gene is described in the literature. So, for example, the 
entry for hypertrophic cardiomyopathy type 4, 115,197, was created in May 1993, 
2 years before the causative gene had been published, at which point the gene was 
added to OMIM and the two entries linked. Information is added in temporal 
sequence, with revision if necessary. Each entry is given a code number; those start-
ing with 1 are autosomal dominant, 2 = autosomal recessive; 3 = X-linked. Since 
May 1994 all entries start with 6.

In a sense, OMIM provides one way of classifying inherited disease, although in 
reality it is simply a comprehensive catalogue. It records genetic (or, locus) hetero-
geneity (see Box 2.2a, using the example of hypertrophic cardiomyopathy) and cap-
tures all published genetic sub-types of a particular inherited disease. This might 
suggest a clear relationship between phenotype and gene: in reality, however, the 
phenotype of, for example, hypertrophic cardiomyopathy is not directly predictable 
from the genotype in anything other than a general sense.

OMIM also demonstrates that, for mutations in any given gene, a range of phe-
notypes may present (phenotypic heterogeneity, see Box 2.2b). Some of this vari-
ability is caused by genetic and non-genetic modifiers. However, these are generally 
ill-defined and therefore not catalogued by OMIM. Again, this serves to reinforce 
the difficulty in using genotype to predict phenotype.

OMIM, while useful as a catalogue, cannot resolve the fundamental challenge in 
classifying inherited disease by both phenotype and genotype.

2.2.1.3  Sequential Anatomical Classification
The most traditional way of classifying congenital heart malformation (CHM) is in 
a sequential fashion, starting with the pulmonary veins and ending at the Great 
Vessels. This commonly used system is well described elsewhere and is entirely 
based on anatomical description (e.g. IPCCC 2016 [5]). In a sense this represents 
the work of ‘splitters’, who sub-classify according to anatomical variation without 
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needing to infer underlying pathophysiology. From a clinical viewpoint, being able 
to describe, categorise and classify structural defects in great detail is useful because 
specific anatomical variants may correlate with specific treatments and different 
surgical outcomes [6].

A relatively small but significant proportion of CHM arises as the result of an 
underlying single genetic mutation. In some cases this mutation is inherited 
from an affected parent and in others the mutation appears to arise de novo. 
CHM may therefore present as familial or sporadic ‘single gene’ disease. Most 
sporadic CHM, however, appears to be the result of a more complex multigenic 
mechanism which remains poorly understood. This chapter focuses on single 
gene disease.

Further, CHM can present as a single malformation in an otherwise normal indi-
vidual or may be part of a more complex set of problems affecting other elements of 
the heart and/or other organ systems. It has become standard practice, therefore, to 
describe CHMs as either ‘isolated’ or ‘syndromic’.

Familial CHM is a challenge to classify accurately at present. In some families 
the phenotype breeds true so that affected relatives who share the same pathogenic 
gene mutation develop the same CHM. However, this is not always the case: in 
some families, relatives with the same gene mutation develop apparently different 
CHMs (phenotypic heterogeneity). This is likely to reflect the presence of modify-
ing factors or chance. The complexity of genetic and phenotypic heterogeneity is 
illustrated in Boxes 2.3a, 2.3b, 2.3c, and 2.3d.

Sequential anatomical classification can be extended to all ICCs (Table  2.1) 
although, as we will see, not all ICCs have an anatomical phenotype. Classification 
based on anatomy alone is therefore limited.

2.2.2  Classification Based on Genetic Mechanism

CHM provides a relatively straightforward example of the way in which diseases 
can be classified according to the underlying genetic mechanism (Box 2.4). 
Hereditary CHMs—whether isolated or present as part of a wider malformation 
syndrome—can be cause by a range of different mutational mechanisms but there is 
rarely a useful correlation between the precise mechanism and the phenotype; the 
most obvious exception is ‘contiguous gene deletion’ (also known as microdele-
tion), in which a block of genes is deleted from a chromosome and where the overall 
phenotype is related to the size of the deletion and therefore the specific genes 
deleted.

The same spectrum of genetic mechanisms can be associated with any ICC. Some 
mechanisms are more common in particular settings: for example, although con-
tiguous gene deletion in relatively common in syndromic CHM, it is rare in autoso-
mal dominant hypertrophic cardiomyopathy where single nucleotide mutation is the 
norm.

In isolation, the mutational mechanism is not a helpful way to classify ICDs, 
although, as we will see later, it does form part of a broader classification system.

2 Spectrum and Classification of Inherited Cardiovascular Disease
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2.2.3  Classification Based on Molecular Pathway

Such a system provides broad classification based on current understanding of com-
mon underlying pathophysiology.

2.2.3.1  Ion Channelopathy
One class of ICCs that generally appears to fit a simple classification system, at least 
superficially, is ‘ion channelopathy’. Most of the founder members of this classifi-
cation system were originally identified through electrophysiological experiments 
that revealed specific perturbations in transmembrane ion currents that had been 
known about for years before the advent of molecular genetics.

Thus, the commonest forms of Long QT syndrome (LQTS), now termed types 1 
and 2, associated with abnormalities in the outward IKs and IKr currents respectively, 
were explained by mutations in major subunits of the cardiac potassium ion channel 
(KCNQ1 [previously named KVLQT1] and KCNH2 [HERG]). Additional cardiac 
potassium ion channelopathies were subsequently identified, each corresponding to 
a known electrophysiological abnormality and encoding a component of the potas-
sium ion channel (Box 2.5a).

More recently, a number of rarer phenotypes have also been linked to mutations 
in the same potassium ion channel genes. Short QT syndrome and familial atrial 
fibrillation, for example, are both associated with activating mutations in KCNQ1 
and KCNH2, whereas Long QT syndrome is associated with inactivating mutations. 
This broadens the concept of a cardiac potassium ion channelopathy to the point 
where the phenotypes are so different that simple classification based on ion chan-
nel alone becomes limited.

A similar situation exists for type 3 long QT syndrome (LQTS3), which can be 
classified as a cardiac sodium channelopathy, caused by mutations in the SCN5A 
gene; a phenotypically distinct disorder, Brugada syndrome, is also associated—in 
about 20% of cases—with mutations in the same gene. Both disorders are therefore 
‘alleleic’ (caused by mutations in the same gene) but their phenotypic difference is 
explained in the majority of cases by the fact that LQTS3 is associated with activat-
ing mutations in SCN5A whereas Brugada syndrome is associated with inactivating 
mutations. In some rare families, this dichotomous classification doesn’t work, 
however, and both phenotypes can manifest in different members of the same fam-
ily. Further molecular causes of Brugada syndrome have now been described (Box 
2.5b).

While long QT syndrome might once have been considered a sodium and potas-
sium ion channelopathy, and Brugada syndrome a sodium channelopathy, these 
simple classifications can no longer be used now that the full extent of genetic het-
erogeneity is being revealed by modern research. Likewise, catecholaminergic 
polymorphic ventricular tachycardia (CPVT) initially appeared to fall neatly into a 
class of cardiac calcium channelopathies. A more appropriate class might now be 
termed ‘excitation-contraction coupling defect’, although even this is not an exclu-
sive category. Mutations in some, but not all, of the genes encoding components of 
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the cardiac L-type calcium channel have been associated with inherited arrhythmia 
syndromes quite separate from CPVT (Box 2.5c).

Overall, ion channelopathies present us with a challenge: resolving down to the 
level of the specific ion channel gene mutation is acceptable as a general catalogu-
ing system—this is one example of a system that initially made a great deal of sense 
as the initial molecular genetic data emerged in the 1990s—however, for such a 
system to be useful in clinical practice it is perhaps more helpful to consider both 
the underlying genetic mechanism (which may tell us something about therapy) and 
the phenotype (which tells us about arrhythmia risk).

2.2.3.2  Familial Cardiomyopathy
No-where is the need for a combined pathway/phenotype classification more essen-
tial than in the huge range of phenotypes collectively known as cardiomyopathy. 
Anatomical division into hypertrophic, dilated, restrictive, arrhythmogenic (etc.,) is 
possible. Mapping such an anatomical/pathological classification onto the underly-
ing genetic mechanism reveals the enormous complexity of this group of diseases, 
however.

Familial Hypertrophic Cardiomyopathy (fHCM)
This is perhaps the archetypal inherited heart muscle disease. In the early molecular 
era, fHCM was considered to be a set of inherited diseases of the cardiac sarcomere: 
initial linkage and candidate gene studies of large, well-characterised families 
revealed mutations in the genes encoding the major protein components of the car-
diac sarcomeric complex (MYH7, TNNT2, MYBPC3). Over the past 20 years, many 
more families have been described with autosomal dominant mutations in other 
genes encoding sarcomeric protein components. Furthermore, as with almost every 
other genetic disorder, more recent studies have also identified mutations in genes 
encoding non-sarcomeric proteins in families affected with fHCM.

Mimics may also give rise to a cardiac hypertrophy phenotype (‘phenocopies’). 
For example, cardiac hypertrophy is common in lysosomal storage diseases such as 
Anderson-Fabry disease and Danon disease; infiltrative disorders such as cardiac 
amyloidosis, often familial; and defects in the RAS/MAP kinase signalling pathway 
(e.g. Noonan syndrome). However, in reality, it is often possible to distinguish 
between these on clinical grounds, based on imaging findings, biochemical testing 
and/or clinical history, without the need to resort to genetic testing.

The different genetic sub-types of fHCM are catalogued by OMIM as ‘CMHX’; 
it is also clear, however, that considerable phenotypic heterogeneity exists for muta-
tion in any given sarcomeric protein gene (Boxes 2.2a, and 2.2b). So, not all fHCM 
is sarcomeric disease and not all sarcomeric disease is fHCM.

Heterogeneity in Dilated Cardiomyopathy: Multiple 
Molecular Mechanisms
The challenge we have seen with arrhythmia syndromes and fHCM is compounded 
in familial dilated cardiomyopathy (fDCM) . Box 2.6a illustrates the considerable 
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genetic heterogeneity of fDCM. For many of the genes so far found to be implicated 
there are robust data linking definite pathogenic mutation to familial disease. For 
some, data are less strong but two key principles emerge from our current state of 
knowledge: (1) that defects in a wide range of different molecular systems can result 
in fDCM and (2) that fDCM is not the only phenotypic consequence of mutation in 
a single gene. In fact, for some genes (e.g. PSN1&2) the consequences can be very 
different). In a sense this is no different to other examples presented in this chapter, 
but in the case of fDCM, is perhaps more marked. Contractile failure of heart mus-
cle is a non-specific end-point for many diseases that have no discriminating 
features.

Although natural history data are limited across all sub-types (some of the sub- 
types in Box 2.6a are restricted to a single family or a very small number of fami-
lies), this tends to be an adult onset disorder with variable outcome. Classifying 
fDCM by mechanism is on the whole meaningless at present from a clinical view-
point, except for those with other potential cardiac or non-cardiac complications. In 
such cases there may be discriminating clinical features which may highlight a spe-
cific diagnosis, for example:

Laminopathy
The lamin protein is a large protein located just inside the nuclear membrane and 
part of a complex network of interacting proteins. It has many different functions, 
both structural and non-structural. Many mutations have been described along the 
entire length of the LMNA gene; these result in a wide range of very different phe-
notypes (see Box 2.6b; see also [7]). The exact phenotype depends very much on the 
location of the mutation and the impact this has on not only the structure of lamin 
but also its specific and multiple interactions with other proteins. Dilated cardiomy-
opathy is generally associated with missense mutations in exons 1–3 which affected 
the head and early rod domains, although the precise effects on protein function 
remain poorly understood.

LMNA-related fDCM is also associated with cardiac arrhythmias and conduction 
defects, the presence of which in someone with DCM (or an affected relative) 
should suggest the diagnosis; this is one sub-type of familial DCM with additional 
therapeutic implications beyond the management of heart failure.

In Emery-Dreifuss muscular dystrophy (type 2 and 3), similar cardiac problems 
occur in addition to a slowly progressive skeletal muscle disorder characterised by 
contractures and muscle weakness. Mutations in most parts of LMNA have been 
reported in these patients: in EDMD type 2 these appear to result in partial or com-
plete loss of function. The practical implication of this is that individuals with 
LMNA-related fDCM should be assessed for skeletal muscle problems.

So, in keeping with observations elsewhere in this chapter, LMNA mutations do 
not all result in fDCM and only a fraction of all cases of fDCM is the result of 
LMNA mutation. Stating that someone has a LMNA mutation must be qualified by a 
description of the phenotype, which cannot always be predicted from the underlying 
genotype.
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Titinopathy
Titin is a large protein expressed in cardiac and skeletal muscle that spans from Z 
line to M line with a critical role in sarcomere structure and function. It therefore 
comes as no great surprise that mutations in the TTN gene cause a number of differ-
ent phenotypes (Box 2.6c), but unlike laminopathies, titinopathies appear to only 
cause diseases of skeletal and cardiac muscle.

Limb Girdle Muscular Dystrophies (LGMD)
DCM can occur in association with progressive muscle weakness involving limb 
girdle muscles; there are many different genetic subtypes of LGMD, often with 
specific discriminating clinical or imaging features. From a mechanistic/classifica-
tion viewpoint these disorders are usually (but not always) the result of mutations in 
gene encoding components of the dystrophin/glycoprotein complex or sarcomere. 
Again, classification by molecular pathway/mechanism is not straight-forward and 
is beyond the scope of this chapter. Two key principles have emerged over the past 
20 years of research, however:

 (1) Mutations in some genes that cause LGMD may also cause DCM without fea-
tures of LGMD (e.g. SGD [OMIM 601411; LGMD type 2F and DCM type 1 L] 
and FKTN (OMIM 697440; LGMD type 2 M and DCM type 1X]) and

 (2) DCM (and cardiac arrhythmia) may occur in a number of different sub-types of 
LGMD.  The clinical consequences are discussed elsewhere and summarised 
well by Norwood et al. [8].

Metabolic Disorders
A number of DCM-associated mutations are found in genes whose role is primarily 
metabolic. From a mechanistic viewpoint it is not difficult to imagine that failure of 
energy production can result in failure of an energy-dependent organ. As with 
LGMD, the two key principles are:

 (1) Mutations in some genes that cause a metabolic phenotype may also rarely 
cause DCM in isolation (e.g. a homozygous SDHA mutation reported in a sin-
gle Bedouin tribe in which 15 individuals had developed childhood-onset DCM 
[OMIM 600857.0004) and

 (2) DCM may occur in a number of different inherited metabolic diseases charac-
terised by impaired cellular energy production (e.g. Barth syndrome) and mito-
chondrial DNA disorders [e.g. the common point mutation m.8344A > G; see 
Bates et al. 2012 [9]].

Right Ventricular Cardiomyopathy and Desmosomal Diseases
The archetypal ICC under this category is known as arrhythmogenic right ventricu-
lar cardiomyopathy (ARVC), also known as dysplasia (ARVD). Both terms are still 
used in the literature. Debate exists about the precise terminology, however: cardio-
myopathy is a simple pathological description whereas dysplasia (defined as an 
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abnormal development of cells, tissues or organs) makes an assumption about the 
underlying mechanism that should be avoided until proven.

In addition, the correlation between phenotype and the underlying highly pene-
trant predisposing genotype is not always predictable: involvement of the left ven-
tricle is commonly seen, even in the same family in which right-dominant disease is 
more typical, giving rise to biventricular or even left-dominant cardiomyopathy [10, 
11]. These clearly cannot be classified as ARVC; the modifying factors have yet to 
be identified. For the moment, a broader classification term such as ‘arrhythmo-
genic cardiomyopathy’ is probably better to use.

Many cases of arryhthmogenic cardiomyopathy appear to be caused by germline 
mutations in genes encoding components of the cardiac desmosome, a multi-protein 
cell adhesion complex. This has given rise to the term ‘desmosomal disease’, which 
has been considered almost synonymous with ‘ARVC’. Classification of arrhythmo-
genic cardiomyopathy as a purely desmosomal disease is not appropriate, however, 
since families have been described—albeit uncommonly—with germ line muta-
tions in other genes. At least 4 different families have been described in which 
ARVC has been associated with mutations in specific conserved regions of the 
RYR2 gene [12]; several families have been reported with mutations affecting the 
TMEM43 gene [13]. This encodes a nuclear envelope protein; there are some data 
to suggest that—for at least one of the reported mutations, expression of plakoglo-
bin appears to be reduced in such patients, suggesting that although TMEM43 is not 
a desmosomal protein it may be involved in desmosomal biology in some way. In 
addition, mutations affecting the regulatory elements of the TGFB3 gene (and 
apparently up-regulating TGFβ3 signalling activity) have been reported in two fam-
ilies with ARVC [14].

Interestingly, since many of the cardiac desmosomal proteins involved in arrhyth-
mogenic cardiomyopathy are also expressed in the skin and hair, mutations in des-
mosomal protein genes are also known to cause hereditary primary skin disorders 
(e.g. palmoplantar keratoderma, PPK) and overlap syndromes with cardiomyopa-
thy, skin and hair phenotypes (e.g. Naxos disease [‘ARVC plus’ and Carvajal dis-
ease [‘dilated cardiomyopathy-plus’]). This complexity is summarised in Box 2.7b.

So, not all arrhythmogenic cardiomyopathy is ARVC; not all ARVC is caused by 
desmosomal gene mutations and not all desmosomal gene mutations cause a pure 
cardiac phenotype. This current complexity is a challenge to resolve: ultimately, as 
we have seen elsewhere, an individual patient is best classified by both genotype 
and phenotype.

Familial Thoracic Aneurysm/Dissection
Until comparatively recently, familial clustering of thoracic aortic aneurysm and/or 
dissection (TAAD) remained unexplained. Marfan syndrome had been described in 
the late 1800s and was considered to be the major cause of ‘genetic’ thoracic aortic 
aneurysm until the 2000s; by contrast, vascular Ehlers Danlos syndrome (vEDS) 
was considered to be the major cause of ‘genetic’ aortic dissection. It proved diffi-
cult to reconcile the fact that both of these ‘exemplar’ conditions are associated with 
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a range of extra-cardiovascular phenotypic features, against the observation that 
many families affected by TAAD display no additional features.

In time, a number of clearly autosomal dominant gene mutations associated with 
‘non-syndromic’ TAAD were identified. In some families the genes involved would, 
in other families, cause syndromic disease. This degree of variable expression is so 
far unexplained but not entirely unexpected. One common theme is, however, 
emerging: in most of the familial forms of TAAD there appears to be dysregulation 
of the transforming growth factor-beta (TGFβ) signalling pathway, initially 
described in animal models of Marfan syndrome [15] and now reported more widely 
[16]. Disordered TGFβ signalling is associated with ultrastructural changes in the 
aortic media, leading to tissue failure and the characteristic histological feature 
known as ‘cystic medial degeneration’ (not restricted to Marfan syndrome).

It is therefore possible to classify familial TAAD according to the specific molecu-
lar defect in the canonical TGFβ signalling pathway (Box 2.8a) This is potentially 
helpful from a therapeutic point of view, since pharmacological manipulation of 
TGFβ signalling using angiotensin receptor blockers appears to correct or stabilise the 
underlying ultrastructural changes in the aortic media and reduce the risk of aortic 
aneurysm in at least one form of familial TAAD, raising the possibility that this inter-
vention may be successful in other members of the same class of disease [17].

Classification is, however, problematic. For example, OMIM has catalogued a 
number of FTAAD sub-types (known as AAT sub-types): some are caused by genes 
currently known to be involved in TGFβ signalling, whereas others are caused by 
genes whose role is currently less certain. Furthermore, the OMIM ‘AAT’ classifi-
cation does not overlap completely with the Loeys Dietz syndromes, which them-
selves are caused by mutations in genes known to be involved in TGFβ signalling. 
In addition to these two classifications, it is worth noting the large number of other 
inherited conditions known to be associated with TAAD, not least of which are in 
fact Marfan syndrome and vascular Ehlers Danlos syndrome. For many of the addi-
tional diseases, the underlying molecular defect is known but the association with 
dysregulated TGFβ signalling is not clear.

At present, no single classification system appears to work well, although in time 
it may be possible to resolve familial TAAD into a set of closely related ‘TGFβ 
signallopathies’ once the molecular defect is known. However, the range of pheno-
types associated with mutations in individual genes in the same pathway—both 
syndromic and non-syndromic—is likely to confound a simple classification 
system.

2.3  The Future: Combining Classification Systems

In reality, all of the above classification systems have limitations, depending on the 
context in which they are being used. For example, in the early days of gene discov-
ery it was acceptable to classify disease by the most likely underlying genetic mech-
anism: for example, fHCM as sarcomeric protein disease. From the point of view of 
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identifying novel therapies, classification based on molecular pathway is important, 
as is increasingly the case with FTAAD.

In clinical practice, each individual member of an ICC family often requires a 
combination of systems to allow for the fact that, at any given time, different mem-
bers of the same family may be manifesting in different ways. Indeed, with the 
advent of cascade genetic testing we commonly identify people who carry a single 
highly penetrant gene mutation without apparent phenotypic effect. It might be pos-
sible to give an overall ‘ball-park’ diagnosis, qualified by additional information 
that describes the individuals person’s specific phenotype and modifiers. This will 
become increasingly important in years to come. Figure  2.1 illustrates this with 
examples of fHCM, long QT syndrome and FTAAD.

Fig. 2.1 Combined classification of inherited cardiovascular conditions in clinical practice. The 
following pedigree is an imaginary family in which a 25 year-old male (II:2) is found to have an 
ICC. The challenge is now to classify his relatives’ phenotypes to allow for variable penetrance 
and expression. In this figure, precise gene mutations are entirely fictitious and designed to illus-
trate principles. Example 1: familial hypertrophic cardiomyopathy. II:2 presents with an out-of-
hospital cardiac arrest from which he is successfully resuscitated and is found to have classical 
HCM. He has a paternally-derived pathogenic mutation in the MYBPC3 gene and a maternally-
derived genetic modifier in the ACE gene. II:2 might best be described as: ICC diagnosis familial 
hypertrophic cardiomyopathy. Phenotype (1) severe asymmetric septal hypertrophy with LVOT 
obstruction. (2) systolic anterior motion of mitral valve. (3) non-sustained VT. (4) previous VF 
cardiac arrest. Inheritance (autosomal dominant). Major genotype. c. 2364A > G MYBPC3 patho-
genic mutation (pat). Modifiers (1) rs4746279 ACE polymorphism (mat). (2) essential hyperten-
sion. His father (I:2) has a milder phenotype: ICC diagnosis (familial hypertrophic cardiomyopathy). 
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I

II

1 2 3 4

1 2 

Phenotype (mild asymmetric septal hypertrophy (IVSd 18  mm)). Inheritance (autosomal domi-
nant). Major genotype (c. 2364A > G MYBPC3 pathogenic mutation (origin unknown)). Modifiers 
(none). Example 2: long QT syndrome. II:2 presents with an out-of-hospital cardiac arrest while 
swimming from which he is successfully resuscitated and is subsequently found to have long QT 
syndrome. He has a maternally-derived pathogenic mutation in the KCNQ1 gene and a paternally- 
derived genetic modifier in the QTMOD gene. II:1 might best be described as: ICC diagnosis (long 
QT syndrome). Phenotype (1) out of hospital cardiac arrest. (2) recurrent Torsades de Pointes. (3) 
QTc > 580 ms. Inheritance (autosomal dominant). Major genotype (c. 1234delCC KCNQ1 patho-
genic mutation (mat)). Modifiers (1) rs4746279 QTMOD polymorphism (pat). (2) corrected hypo-
kalaemia. (3) nadolol. (4) implantable cardiac defibrillator. As is commonly found, I:3 has a 
normal ECG at rest: ICC diagnosis (long QT syndrome). Phenotype (normal QTc). Inheritance 
(autosomal dominant). Major genotype (c. 1234delCC KCNQ1 pathogenic mutation (origin 
unknown)). Modifiers (amitryptiline stopped). Example 3: familial thoracic aortic aneurysm. II:2 
collapses after a rugby match and at hospital is found to have a thoracic aortic dissection arising 
in an aneurysmal sinus of Valsalva. As a child he had a cleft lip and palate repair. He has a 
paternally-derived pathogenic mutation in the TGFBR2 gene. II:2 might best be described as: ICC 
diagnosis (Loeys- Dietz syndrome type 2). Phenotype (1) thoracic aortic aneurysm/dissection. (2) 
cleft lip and palate (repaired). Inheritance (autosomal dominant). Major genotype (c. 321 delC-
CinsTTGG TGFBR2 pathogenic mutation (pat)). Modifiers (1) corrected hypertension (irbesar-
tan). (2) valve-sparing aortic root replacement. On screening with echocardiography and magnetic 
resonance angiography, I:2 is classified as: ICC diagnosis (Loeys Dietz syndrome type 2). 
Phenotype (1) dilated aortic root (Z score + 4.5, sinuses of Valsalva). (2) splenic artery aneurysm 
(Z score  +  4.0). Inheritance (autosomal dominant). Major genotype (c. 321 delCCinsTTGG 
TGFBR2 pathogenic mutation (origin unknown)). Modifiers (irbesartan). On similar screening, 
II:1 has a normal aorta: ICC diagnosis Loeys Dietz syndrome type 2. Phenotype (normal arterial 
system on whole body MRA). Inheritance (autosomal dominant). Major genotype (c. 321 delC-
CinsTTGG TGFBR2 pathogenic mutation (pat)). Modifiers (none)
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2.4  Summary

There are many ways of classifiying ICCs, depending to some extent on your view-
point as either a researcher or a clinician. Genetic and phenotypic heterogeneity 
remain challenging to classify and, as the genetic basis of each of the ICCs expands 
to include new genes and genetic modifiers, current classification models will fail to 
capture the evolving complexity. Ultimately, however, a clinician’s starting point is 
always to describe the phenotype—after all, this usually predicts the patient’s prog-
nosis more accurately than genetics at present for most ICCs. Having done that, 
each individual patient can be classified using additional information, some of 
which will be clinical and some genetic. Such a combined approach (the organism 
of Gilbert & Sarkar [2]) will become essential as we move into an new era of per-
sonalised, genomic medicine.

Box 2.1 ICD10 version 2016 classification of cardiomyopathy

Section Phenotype
I42.0 Dilated cardiomyopathy
I42.1 Obstructive hypertrophic cardiomyopathy
I42.2 Non-obstructive hypertrophic cardiomyopathy
I42.3 Endomyocardial (eosinophilic) disease
I42.4 Endocardial fibroelastosis
I42.5 Other restrictive cardiomyopathy
I42.6 Alcoholic cardiomyopathy
I42.7 Cardiomyopathy due to drugs and other external agents
I42.8 Other cardiomyopathy
I42.9 Cardiomyopathy, unspecified
I43.1 Cardiomyopathy in metabolic disease

Cardiac amyloidosis
E85.2 Heredofamilial amyloidosis, unspecified
E75.2 Other sphingolipidosis

Includes Fabry disease
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Section Phenotype
Q87.1 Congential malformation syndromes predominantly 

associated with short stature
Includes Noonan syndrome

ICD10 is not designed as a stand-alone classification system for hereditary disease; as a 
result, it does not enable fine sub-classification. Indeed, many rare diseases are excluded 
from ICD10 (in this case, Danon disease, a rare X-linked lysosomal storage disease associ-
ated with cardiac hypertrophy). Rarer causes of hypertrophic cardiomyopathy such as 
Fabry disease or Noonan syndrome, are not classified in section I42. Furthermore, sub- 
classification of hypertrophic cardiomyopathy into obstructive and non-obstructive implies 
that they are different disease, whereas in reality they lie on the same spectrum

Source: http://apps.who.int/classifications/icd10/browse/2010/en#/I42 accessed 27.04.2017

Box 2.2a Genetic heterogeneity in hypertrophic cardiomyopathy: online 
inheritance in man classification

OMIM phenotype
OMIM 
number Gene Protein Protein function

CMH1 192,600 MYH7 β myosin heavy 
chain 7

Sarcomeric 
contractile protein

CMH2 115,195 TNNT2 Troponin T2 Sarcomeric thin 
filament component

CMH3 115,196 TPM1 Tropomyosin Actin-binding 
myofibrillar protein

CMH4 115,197 MYBPC3 Myosin binding 
protein C3

Sarcomeric protein

CMH5 No longer 
useda

CMH6 600,858 PRKAG2 Protein kinase, 
AMP-activated, 
noncatalytic, 
gamma-2

AMP-activated 
protein kinase

CMH7 613,690 TNNI3 Troponin I3 Actin-binding 
myofibrillar protein

CMH8 608,751 MYL3 Ventricular 
myosin light 
chain 3

Sarcomeric 
contractile protein

CMH9 188,840 TTN Titin Structural and 
tensile sarcomeric 
protein

CMH10 160,781 MYL2 Cardiac myosin 
light chain 2

Sarcomeric 
contractile protein
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OMIM phenotype
OMIM 
number Gene Protein Protein function

CMH11 612,098 ACTC1 Cardiac α-actin Sarcomeric 
contractile protein

CMH12 612,124 CSRP3 Cysteine- and 
glycine-rich 
protein 3

Cardiomyocyte 
stretch sensor 
protein

CMH13 613,243 TNNC1 Troponin C Actin-binding 
myofibrillar protein

CMH14 613,251 MYH6 α myosin heavy 
chain 6

Sarcomeric protein

CMH15 613,255 VCL Vinculin Cell junction 
protein

CMH16 613,838 MYOZ2 Myozenin-2 Regulator of 
calcineurin

CMH17 613,873 JPH2 Junctophilin-2 Plasma membrane: 
endoplasmic 
reticulum junction 
protein

CMH18 613,874 PLN Phospholamban Regulator of 
intracellular 
calcium

CMH19 613,875 CALR3 Calreticulin 3 Calcium-binding 
chaperone

CMH20 613,876 NEXN Nexilin 
F-actin- binding 
protein 3

Filamentous actin

CMH21 614,676 7p21.2-q21 –
CMH22 615,248d MYPN Myopalladin Structural 

sarcomeric protein
CMH23 612,158 ACTN2 Actinin α-2 Actin-binding 

structural 
sarcomeric protein

CMH24 601,493 LDB3 LIM domain- 
binding protein 
3

Structural 
sarcomeric protein

CMH25 607,487 TCAP Titin-cap Structural 
sarcomeric protein

CMH26 617,047 FLNC Filamin C Actin-binding 
structural 
sarcomeric protein

Fabry diseaseb 301,500 GLA α-galactosidase Lysosomal enzyme
Danon diseaseb 300,257 LAMP2 Lysosome- 

associated 
membrane 
protein 2

Lyosomal 
membrane 
glycopotein

Noonan 
syndromeb

163,950 Multiple See OMIM 
entry

RAS/MAP kinase 
signalling proteins

P. Brennan



53

OMIM phenotype
OMIM 
number Gene Protein Protein function

CMH1, digenic 192,600 MYLK2 Myosin light 
chain kinase 2

Regulator of 
myosin light chain

CMH, 
unclassified

192,600 CAV3 Caveolin 3 Component of 
dystrophin- 
glycoprotein 
complex

Cardiomyopathy, 
hypertrophic

590,035c MTTG Mitochondrial 
glycine transfer 
RNA

Transfer RNA

Cardiomyopathy 
with or without 
skeletal myopathy

590,050c MTTI Mitochondrial 
isoleucine 
transfer RNA

Transfer RNA

OMIM refers to this as Cardiomyopathy, Familial Hypertrophic (CMH)
Notes
aCMH 5 is no longer used. The original family on which this annotation was based was 
found to have both MYH7 and MYBPC3 mutations, once genetic analysis was possible
bFabry disease, Danon disease and Noonan syndrome are not primarily classified as cardio-
myopathy syndromes; rather, they all feature HCM as a phenotypic manifestation in some 
individuals
c590,035 and 590,050 are not phenotypic codes but gene codes, denoting mitochondrial 
tRNA genes. Phenotypes associated with mutations in these genes are broad and varied; 
cardiomyopathy is the presenting feature in some families
d615,248 represents a single large published Northern American family in which genetic 
linkage analysis localised the gene to chromosome 7; the identity of the gene itself has not 
yet been reported

Box 2.2b Phenotypic heterogeneity: consequence of sarcomeric protein gene 
mutations using OMIM classification

Gene Phenotype OMIM number
MYH7 Hypertrophic cardiomyopathy 1 192,600

Dilated cardiomyopathy type 1S 613,426
Left ventricular non-compaction type 5 613,426
Laing distal myopathy 160,500
Myosin storage myopathy, autosomal 
dominant

608,358

Myosin storage myopathy, autosomal 
recessive

255,160

Scapuloperoneal syndrome, myopathic type 181,430
TNNT2 Hypertrophic cardiomyopathy 2 115,195

Dilated cardiomyopathy type 1D 601,494
Left ventricular non-compaction type 6 601,494
Restrictive cardiomyopathy type 3 612,422
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Gene Phenotype OMIM number
TPM1 Hypertrophic cardiomyopathy 3 611,878

Dilated cardiomyopathy type 1Y 115,196
Left ventricular non-compaction type 9 611,878

MYBPC3 Hypertrophic cardiomyopathy 4 115,197
Dilated cardiomyopathy type 1MM 615,396
Left ventricular non-compaction type 10 615,396

PRKAG2 Hypertrophic cardiomyopathy 6 600,858
Wolf Parkinson White syndrome 194,200
Congenital lethal cardiac glycogen storage 
disease

261,740

TNNI3 Hypertrophic cardiomyopathy type 7 613,690
Dilated cardiomyopathy type 1FF 613,286
Restrictive cardiomyopathy type 1 115,210

MYL3 Hypertrophic cardiomyopathy type 8 608,751
TTN Hypertrophic cardiomyopathy type 9 613,765

Dilated cardiomyopathy type 1G 604,145
Limb girdle muscular dystrophy 2J 608,807
Tibial muscular dystrophy 600,334
Early onset myopathy with 
cardiomyopathy

611,705

Proximal myopathy with early respiratory 
involvement

603,689

MYL2 Hypertrophic cardiomyopathy type 10 608,758

Reported cardiac and non-cardiac phenotypes associated with mutations in genes which 
encode sarcomeric proteins. This table presents data corresponding to the genes responsible 
for the first 9 catalogued OMIM hypertrophic cardiomyopathy sub-types
Note: hypertrophic cardiomyopathy type 5 is a redundant term (see note 1 Box 2.2a)
Source: Online Mendelian Inheritance in Man, OMIM®. McKusick-Nathans Institute of 
Genetic Medicine, Johns Hopkins University (Baltimore, MD), {accessed 27.04.2017}. 
World Wide Web URL: https://omim.org/

Box 2.3a Heterogeneity in non-syndromic secundum-type atrial septal defect

OMIM 
type

OMIM 
number

Gene/
locus Protein Protein function

ASD1 108,800 5p – –
ASD2 607,941 GATA4 GATA-binding protein 

4
Transcription factor

ASD3 614,089 MYH6 α-myosin heavy chain Sarcomeric contractile 
protein

ASD4 611,363 TBX20 T-box 20 Transcription factor
ASD5 612,794 ACTC1 α-cardiac actin Sarcomeric contractile 

protein
ASD6a 613,087 TLL1 Tolloid-like 1 Metalloprotease
ASD7 108,900 NKX2.5 NK2 homeobox 2 Transcription factor
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OMIM 
type

OMIM 
number

Gene/
locus Protein Protein function

ASD8 614,433 CITED2 CBP-interacting 
transactivator 2

Transcription factor

ASD9 614,475 GATA6 GATA-binding protein 
6

Transcription factor

As we have seen in Box 2.2a in the context of cardiomyopathy, atrial septal defects caused 
by highly penetrant single gene mutations are also characterised by genetic heterogeneity; 
as in Box 2.2b, mutations in ASD genes can present with a range of different phenotypes
Note that many—but not all—of the genes implicated in ASD encode transcription factors 
that regulate expression of other genes
aMissense mutations reported in isolated cases

Other phenotypes associated with mutations in selected genes

Gene OMIM phenotype OMIM number
GATA4 Atrioventricular septal defect type 4 614,430

Ventricular septal defect type 1 614,429
Tetralogy of Fallot 187,500

NKX2.5 Ventricular septal defect type 3 614,432
Tetralogy of Fallot 187,500
Hypoplastic left heart syndrome type 2 614,435
Conotruncal malformations 217,095
Congenital hypothyroidism type 5 225,250

GATA6 Atrioventricular septal defect type 9 614,474
Tetraology of Fallot 187,500
Persistent truncus arteriosus 217,095
Pancreatic agenesis with CHM 600,001

Box 2.3b Heterogeneity in non-syndromic primum-type atrial septal defect/
atrioventricular septal defect

OMIM 
type

OMIM 
number

Gene/
locus Protein Protein function

AVSD1 606,215 1p31-p21 – –
AVSD 2 606,217 CRELD1 Cysteine-rich protein with 

EGF-like domains
Cell adhesion?

AVSD 3 600,309 GJA1 Gap junction protein 1 
(connexin 43)

Cell adhesion

AVSD 4 600,576 GATA4 GATA-binding protein 4 Transcription factor
AVSD 5 614,474 GATA6 GATA-binding protein 6 Transcription factor
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OMIM 
type

OMIM 
number

Gene/
locus Protein Protein function

AVSD 6 601,656 18q11 – –

Other phenotypes associated with GJA1 mutations (see Box 2.3a for GATA4 & 
GATA6)

OMIM phenotype OMIM number
Hypoplastic left heart syndrome type 1 241,550
Oculodentodigital dysplasia (dominant) 164,200
Oculodentodigital dysplasia (recessive) 257,850
Syndactyly type 3 186,100
Craniometaphyseal dysplasia (recessive) 218,400
Palmoplantar keratoderma with alopecia 104,100
Erythrokeratoderma variabilis et progressiva 133,200

Box 2.3c Heterogeneity in familial ventricular septal defect

OMIM  
typea

OMIM 
number

Gene/
locusb Protein Protein function

VSD1 614,429 GATA4 GATA-binding protein 4 Transcription factor
VSD2 614,431 CITED2 CBP-interacting 

transactivator 2
Transcription factor

VSD3 614,432 NKX2.5 NK2 homeobox 2 Transcription factor
aThere are fewer reported familial sub-types of VSD. Familial clustering of a common heart 
defect may simply represent chance rather than Mendelian disease
bNote also that none of these genes are exclusively associated with VSD—all have differing 
phenotypic manifestations

Box 2.3d Heterogeneity in tetralogy of fallot

OMIM type
OMIM 
number

Gene/
locus Protein Protein function

Tetralogy 
of Fallot

187,500 GATA4 GATA-binding protein 4 Transcription 
factor

Tetralogy 
of Fallot

187,500 GATA6 GATA-binding protein 6 Transcription 
factor

Tetralogy 
of Fallot

187,500 NKX2.5 NK2 homeobox 2 Transcription 
factor

Tetralogy 
of Fallot

187,500 ZFPM2 Zinc finger protein, 
multi- type 2

Modulator of 
GATA4

Tetralogy 
of Fallot

187,500 GDF1 Growth/differentiation 
factor 1

Transcription 
factor
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OMIM type
OMIM 
number

Gene/
locus Protein Protein function

Tetralogy 
of Fallot

187,500 JAG1 JAGGED 1 Ligand of 
NOTCH receptor

Tetralogy 
of Fallot

187,500 TBX1 T-box 1 Transcription 
factor

Source: Online Mendelian Inheritance in Man, OMIM®. McKusick-Nathans Institute of 
Genetic Medicine, Johns Hopkins University (Baltimore, MD), {accessed 27.04.2017}. 
World Wide Web URL: https://omim.org/
aOMIM does not sub-classify this entry
bGDF1 appears to play a role in left-right differentiation; mutations in this gene are also 
associated with double outlet right ventricle, right atrial isomerism and transposition of the 
Great Arteries

Box 2.4 Classification of Congenital Heart Malformation by underlying 
genetic mechanism

Anatomical 
sub-classification

Genetic 
mechanisma Complexity Example

OMIM 
reference

Simple Isolated Familial atrioventricular 
septal defect

606,215

Syndromic Down syndrome –
Primum Complex Isolated Sporadic primum ASD –

Syndromic – –
Secundum Simple Isolated Familial ASD 108,800

Syndromic Holt Oram syndrome 142,900
Complex Isolated Sporadic ASD –

Syndromic Fetal alcohol syndrome
aMechanisms:
Example: ASD atrial septal defect
Simple: highly penetrant mutations such as single gene mutation, intragenic deletion/dupli-
cation, contiguous gene deletion, chromosomal aneuploidy (e.g. trisomy)
Complex: low penetrance multigenic susceptibility, environmental exposures

Box 2.5a Molecular classification of long QT syndrome

OMIM 
type

OMIM 
number Gene/locus Protein Protein function

LQT1 192,500 KCNQ1 KQT-like voltage- gated 
potassium channel-1

Potassium Ion 
channel subunit

LQT2 613,688 KCNH2 Potassium channel, 
voltage-gated, subfamily 
H, member 2

Potassium Ion 
channel subunit

2 Spectrum and Classification of Inherited Cardiovascular Disease
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OMIM 
type

OMIM 
number Gene/locus Protein Protein function

LQT3 603,830 SCN5A Sodium channel, 
voltage- gated, type V, 
alpha subunit

Sodium ion channel 
subunit

LQT4 106,410 ANK2 Ankyrin2 Ion channel 
anchoring protein

LQT5 176,261 KCNE1 Potassium channel, 
voltage-gated, Isk-related 
subfamily, member 1

Potassium ion 
channel subunit

LQT6 613,693 KCNE2 Potassium channel, 
voltage-gated, Isk-related 
subfamily, member 2

Potassium ion 
channel subunit

LQT7a 170,390 KCNJ2 Potassium channel, 
inwardly rectifying, 
subfamily J, member 2

Potassium ion 
channel subunit

LQT8b 601,005 CACNA1C Calcium channel, 
voltage- dependent, 
L-type, alpha-1C subunit

Calcium channel 
subunit

LQT9 611,818 CAV3 Caveolin-3 T-tubule component
LQT10 611,819 SCN4B Sodium channel, 

voltage- gated, type IV, 
beta subunit

Sodium channel 
subunit

LQT11 611,820 AKAP9 A-kinase anchor protein 9 Scaffolding protein
LQT12 612,955 SNTA1 Syntrophin alpha-1 Regulator of 

SCN5A
LQT13 613,485 KCNJ5 Potassium channel, 

inwardly rectifying, 
subfamily J, member 2

Potassium ion 
channel subunit

LQT14 616,247 CALM1 Calmodulin-1 Regulator of L-type 
calcium channels

LQT15 616,249 CALM2 Calmodulin-2 Regulator of L-type 
calcium channels

Although initial gene cloning studies implicated mutations in genes encoding potassium 
and ion channels as causes of long QT syndrome, subsequent studies have revealed the typi-
cal heterogeneity seen in most other ICCs
aAlso known as Anderson-Tawil syndrome or Anderson cardiodysrhythmic syndrome
bAlso known as Timothy syndrome
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Box 2.5b Molecular classification of Brugada syndrome

OMIM type
OMIM 
number Gene/locus Protein

Protein 
function

BRGDA1 601,144 SCN5A Sodium channel, voltage-
gated, type V, alpha subunit

Sodium ion 
channel 
subunit

BRGDA2 611,777 GPD1L Glycerol phosphate 
dehydrogenase-like 1

Regulates 
SCN5A

BRGDA3 611,875 CACNA1C Calcium channel, voltage- 
dependent, L-type, alpha-1C 
subunit

Calcium 
channel 
subunit

BRGDA4 611,876 CACNB2 Calcium channel, voltage- 
dependent, beta-2 subunit

Calcium 
channel 
subunit

BRGDA5 612,838 SCN1B Sodium channel, voltage-
gated, type I, subunit B

Sodium ion 
channel 
subunit

BRGDA6 613,119 KCNE3 Potassium channel, voltage- 
gated, Isk-related subfamily 
member 3

Potassium ion 
channel 
subunit

BRGDA7 613,120 SCN3B Sodium channel, voltage-
gated, type III, beta subunit

Sodium ion 
channel 
subunit

BRGDA8 613,123 HCN4 Hyperpolarisation-activated 
cyclic nucleotide-gated 
potassium channel 4

Potassium ion 
channel 
subunit

BRGDA9 616,399 KCND3 Potassium channel, voltage- 
gated, SHAL-related 
subfamily member 3

Potassium ion 
channel 
subunit

As with long QT syndrome, studies have also revealed that Brugada syndrome can no lon-
ger be consider a sodium channelopathy but a common phenotype arising from disruption 
of a number of different ion currents
SCN5A: sequential classification of extreme phenotypic heterogeneity

SCN5A is unusual because mutations have been reported in the gene in many 
different ICCs:

OMIM phenotype OMIM number
Sick sinus syndrome type 1 608,567
Familial atrial fibrillation type 10 614,022
Non-progressive heart block 113,900
Progressive heart block type 1A 113,900
Brugada syndrome type 1 601,144
Familial ventricular fibrillation type 1 603,829
Long QT syndrome type 3 603,830
Familial dilated cardiomyopathy type 1E 601,154

2 Spectrum and Classification of Inherited Cardiovascular Disease
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Box 2.5c Molecular classification of catecholaminergic polymorphic ventricular 
tachycardia

OMIM 
type

OMIM 
number

Gene/
locus Protein Protein function

CPVT1 604,772 RYR2 Ryanodine receptor 
protein2

Ryanodine-sensitive 
calcium channel

CPVT2 611,938 CASQ2 Calsequestrin-2 Calcium reservoir 
regulator

CPVT3 614,021 7p22-p14 – –
CPVT4 614,916 CALM1 Calmodulin-1 Regulator of L-type 

calcium channels
CPVT5 615,441 TRDN Triadin Mediator of excitation- 

contraction coupling

Other cardiac calcium channel diseases:

Gene OMIM phenotype OMIM number
CACNA1C Brugada syndrome type 3 611,875

Timothy syndrome/long QT 
syndrome type 8

601,005

CACNB2 Brugada syndrome type 4 611,876

Source: Online Mendelian Inheritance in Man, OMIM®. McKusick-Nathans Institute of 
Genetic Medicine, Johns Hopkins University (Baltimore, MD), {accessed 27.04.2017}. 
World Wide Web URL: https://omim.org/

Box 2.6a Genetic heterogeneity of familial dilated cardiomyopathy

OMIM 
sub-
type

OMIM 
number Gene/locus Protein Function

Additional 
reported 
phenotypes

1A 115,200 LMNA Lamin A/C Intermediate 
filament, 
nuclear lamina 
component

See Box 2.8

1B 600,884 9q13 – – –
1C 601,493 LDB3 LIM domain-

binding protein 3
Z-disk 
integrity

LVNCC, 
HCM. MM

1D 601,494 TNNT2 Troponin T2 Sarcomeric 
thin filament 
component

LVNCC, HCM, 
RCM

1E 601,154 SCN5A SCN5A Sodium ion 
channel 
subunit

See Box 2.5

1Fa – DES Desmin Desmosomal 
protein

See Box 2.7

P. Brennan
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OMIM 
sub-
type

OMIM 
number Gene/locus Protein Function

Additional 
reported 
phenotypes

1G 188,840 TTN Titin Structural and 
tensile 
sarcomeric 
protein

See Box 2.2

1H 604,288 2q14-q22 – –
1I 604,765 DES Desmin Desmosomal 

protein
Myofibrillar 
myopathy

1J 605,362 EYA4 Eyes absent 4 Developmental 
regulator

ADSNHL

1K 605,582 6q12-16 – –
1L 606,685 SGD δ-sarcoglygan Dystrophin/

glycoprotein 
complex 
comonent

LGMD

1M 607,482 CSRP3 Cysteine- and 
glycine- rich 
protein 3

Z disc protein HCM

1Na

1O 608,569 ABCC9 ATP-binding 
cassette C9

ATP-sensitive 
potassium ion 
channel

FAF

1P 609,909 PLN Phospholamban Endoplasmic 
reticulum 
calcium 
regulator

HCM

1Q – 7q22.3-q31.1 – –
1R 613,424 ACTC1 Cardiac α-actin Sarcomeric 

contractile 
protein

HCM
LVNCC
ASD

1S 613,426 MYH7 β myosin heavy 
chain 7

Sarcomeric 
contractile 
protein

See Box 2.2

1T 613,740 TPMO Thymopoeitin 
(lamina- 
associated 
protein 2)

Nuclear 
architecture, 
interacts with 
lamin A/C

1U 613,694 PSEN1 Presenilin 1 γ-secretase Familial 
dementiasEndoplasmic 

reticulum 
calcium 
regulator

1V 613,697 PSEN2 Presenilin 2 γ-secretase Familial 
dementiasEndoplasmic 

reticulum 
calcium 
regulator

2 Spectrum and Classification of Inherited Cardiovascular Disease
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OMIM 
sub-
type

OMIM 
number Gene/locus Protein Function

Additional 
reported 
phenotypes

1W 611,407 VCL Metavinculin Cytoskeletal 
protein

HCM

1X 611,615 FKTN Fukutin α-dystroglycan 
glycosylation

LGMD
Dystrogly-
canopathy

1Y 611,878 TPM1 Tropomyosin 1 Actin-binding 
myofibrillar 
protein

LVNCC
HCM

1Z 611,879 TNNC1 Troponin C Actin-binding 
myofibrillar 
protein

HCM

1AA 612,158 ACTN2 α-2 actinin Actin-binding 
proetin

HCM

1BB 612,877 DSG2 Desmoglein 2 Desmosomal 
protein

ARVC

1CC 613,122 NEXN nexilin Actin-binding 
protein

HCM

1DD 613,172 RBM20 RNA-binding 
motif protein 20

Spliceosomal 
protein

1EE 613,252 MYH6 α myosin heavy 
chain 6

Sarcomeric 
protein

ASD
HCM
SSS

1FF 613,286 TNNI3 Troponin I3 Actin-binding 
myofibrillar 
protein

HCM
RCM

1GG 613,642 SDHA Succinate 
dehydrogenase 
subunit A

Mitochondrial 
flavoprotein

fPGL
Leigh syndrome
Mitochondrial 
complex II 
deficiency

1HH 613,881 BAG3 BCL-associated 
athanogene 3

Hsp70 
(molecular 
chaperone) 
regulator

MM

1II 615,184 CRYAB α-B crystallin Heat shock 
protein

Cataract
MM

1JJ 615,235 LAMA4 α-4 laminin Basement 
membrane 
glycoprotein

1KK 615,248 MYPN myopalladin Sarcomeric 
protein

RCM
HCM

1LL 615,373 PRDM16 PR domain-
containing 
protein 16

Zinc finger 
transcription 
factor

LVNCC

1MM 615,396 MYBPC3 Myosin binding 
protein C3

Sarcomeric 
protein

See Box 2.2
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OMIM 
sub-
type

OMIM 
number Gene/locus Protein Function

Additional 
reported 
phenotypes

2A 613,286 TNNI3 Troponin I3 Actin-binding 
myofibrillar 
protein

HCM
RCM

2B 614,672 GATAD1 GATA zinc 
finger domain-
containing 
protein 1

Zinc finger 
transcription 
factor

3Aa 302,060 TAZ Tafazzin Mitochondrial 
transacylase

Barth syndrome

3B 302,045 DMD Dystrophin Dystrophin/
glycoprotein 
complex 
component

Duchenne 
muscular 
dystrophy
Becker 
muscular 
dystrophy

Genetic and mechanistic sub-types of familial dilated cardiomyopathy. Those starting with 
‘1’ are autosomal dominant, ‘2’ autosomal recessive and ‘3’ X-linked. Note the huge range 
of different molecular mechanism which give rise to a simple common phenotype: left 
ventricular systolic dysfunction/heart failure
LVNCC left ventricular non-compaction cardiomyopathy, HCM hypertrophic cardiomyop-
athy, MM myofibrillar myopathy, RCM restrictive cardiomyopathy, ADSNHL autosomal 
dominant sensorineural hearing loss, LGMD limb girdle muscular dystrophy, FAF familial 
atrial fibrillation, ASD familial atrial septal defect, LGMD limb girdle muscular dystrophy, 
SSS sick sinus syndrome, fPGL familial paragangliomatosis
aNo longer used

Box 2.6b Diverse phenotypes associated with LMNA mutations

OMIM phenotype OMIM number Inheritance
Familial dilated cardiomyopathy type 1A 115,200 AD
Emery-Dreifuss muscular dystrophy  
type 2

181,350 AD

Emery-Dreifuss muscular dystrophy  
type 3

616,516 AR

Charcot-Marie Tooth disease type 2B1 605,588 AR
Congenital muscular dystrophy 613,205 AD
Limb girdle muscular dystrophy type 1B 159,001 AD
Heart-hand syndrome 610,140 AD
Hutchinson-Gilford progeria 176,670 AD
Familial partial lipodystrophy type 2 151,660 AD
Malouf syndrome 212,112 AD
Mandibuloacral dysplasia 248,370 AR
Restrictive dermopathy, lethal 275,210 AR

See text for further explanation

2 Spectrum and Classification of Inherited Cardiovascular Disease
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Box 2.6c Diverse phenotypes associated with TTN mutations

OMIM phenotype OMIM number Inheritance
Familial dilated cardiomyopathy type 
1G

604,145 AD

Familial hypertrophic cardiomyopathy 
type 9

181,350 AD

Limb girdle muscular dystrophy type 2J 608,807 AR
Early onset myopathy with fatal 
cardiomyopathy

611,705 AR

Proximal myopathy with early 
respiratory involvement

603,689 AD

Tardive tibial muscular dystrophy 600,334 AD

See text for further explanation
Source: Online Mendelian Inheritance in Man, OMIM®. McKusick-Nathans Institute of 
Genetic Medicine, Johns Hopkins University (Baltimore, MD), {accessed 27.04.2017}. 
World Wide Web URL: https://omim.org/

Box 2.7a Arrhythmogenic cardiomyopathy

OMIM 
Sub-type

OMIM 
number Gene/locus Protein Protein function

ARVD1a 107,970 TGFB3 Transforming 
growth factor beta 3

Growth factor

ARVD2 600,996 RYR2 Ryanodine receptor 
2

Ryanodine-sensitive 
calcium channel

ARVD3 602,086 14q12-q22 – –
ARVD4 602,087 2q32.1-q32.3 – –
ARVD5 604,400 TMEM43 Transmembrane 

protein 43
Nuclear envelope 
protein

ARVD6 604,401 10p14-p12 – –
ARVD7b 601,419 DES Desmin Desmosomal protein 

subunit
ARVD8 607,450 DSP Desmoplakin Desmosomal protein 

subunit
ARVD9 609,040 PKP2 Plakophilin 2 Desmosomal protein 

subunit

P. Brennan
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OMIM 
Sub-type

OMIM 
number Gene/locus Protein Protein function

ARVD10 610,193 DSG2 Desmoglein 2 Desmosomal protein 
subunit

ARVD11 610,476 DSC2 Desmocollin 2 Desmosomal protein 
subunit

ARVD12 611,528 JUP Junction 
plakoglobin

Desmosomal protein 
subunit

ARVD13 615,616 CTNNA3 Alpha-3 catenin Cell junction protein
aPublished data are difficult to interpret (Beffagna et al. 2005): one of these mutations was 
present in 3 unaffected individuals in the same family; one mutation was only reported in a 
single individual; and 2 families previously linked to the same genomic region did not have 
detectable mutations in the TGFB3 gene. By contrast, neither reported mutation was found 
in normal controls. Mutations within the coding sequence of TGFB3 are associated with 
Loeys Dietz syndrome (see main text). It remains possible that up-regulated TGFβ3 activity 
may represent a further non-desmosomal mechanism leading to ARVC
bReclassified as myofibrillar myopathy

Box 2.7b ARVC + hair/skin phenotypes

Disease name OMIM number Gene
Naxos disease 601,214 JUP
Carvajal disease 605,676 DSP
ARVC with mild PKK and wooly hair 610,476 DSC2

2 Spectrum and Classification of Inherited Cardiovascular Disease
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Abstract
The definition of Genetic Counselling is a “…communication process which 
aims to help individuals, couples and families understand and adapt to the medi-
cal, psychological, familial and reproductive implications of the genetic contri-
bution to specific health conditions”. Genetic counselling can be applied within 
different medical settings and can therefore be tailored to provide specific infor-
mation relevant to the particular condition present within the family. This chapter 
outlines the essentials and gives guidance to those providing genetic counselling 
for individuals and families with Inherited Cardiac Conditions (ICCs).
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3.1  Introduction

Inherited cardiac conditions (ICCs) present many challenges for genetic coun-
sellors and clinicians. Sadly for a few families, the first sign that an ICC is pres-
ent is a sudden death or cardiac event. It is important that these patients are seen 
by genetic counsellors who will be able to work directly with the patient and 
their family to provide information on the condition and support them in making 
the appropriate decisions for themselves and their family. Genetic counsellors 
help educate and support individuals and families with regards to their particu-
lar condition. This enables them to disseminate accurate information to other 
at-risk family members, ensuring they are able to access appropriate screening 
and testing.

There have been huge advances in our understanding of ICCs and it is essen-
tial that those working with families with ICCs keep abreast of current guidelines 
allowing them to identify families at risk and accurately interpret information 
about the disorder to fully support families. Genetics and cardiology need to 
continue to work closely to strive to develop the services provided to families 
with ICCs.

This chapter outlines the essentials of the genetic counselling process when 
working with families with ICCs. It cannot attempt to cover all the details but hopes 
to overview the key elements of genetic counselling for ICCs.

3.2  Family History

Taking a detailed family tree is an important and complex task that is an essential 
role of the genetic counsellor. A detailed family tree helps to define the type of 
inheritance, identify who else may also be at risk within the family and therefore 
require screening, and, in some cases, aid in directing genetic testing. The type of 
inheritance can only be fully confirmed when the specific pathogenic variant can be 
identified. It is only then that family members who are at risk can seek predictive 
genetic testing at the appropriate age for the condition.

It is important when taking the family history to obtain details of age and severity 
of diagnosis, gender and diagnoses of other family members. The focus should not 
just be on cardiac history but include strokes, renal history, muscle weakness, deaf-
ness and diabetes. In addition, the nature, age and circumstances surrounding all 
deaths within the family must be documented- i.e. progressive, sudden, cot death, 
drowning, road traffic accident (RTA) etc.

When taking a family tree, it is important to note that there are a few things 
which may complicate the interpretation of the family history. Skewed X inactiva-
tion, other non-cardiac conditions running within the family (which may or may not 
run in tandem with the cardiomyopathy), de novo pathogenic variants, consanguin-
ity and more than one pathogenic variant running within the family may all compli-
cate the interpretation of the family tree.
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3.2.1  Information Gathering

ICCs are complicated in the fact that a negative family history resulting from unex-
amined, asymptomatic family members does not necessarily rule out a family his-
tory of the condition. This is due to reduced penetrance and variable expressivity 
that is present with most of the ICCs [1–3]. Therefore it is not possible to fully 
confirm or refute familial disease without examining family members or accessing 
current or past clinical data. It is important that consent is obtained to access family 
members medical records, post mortems or death certificates are obtained to help 
clarify information obtained so as to guide as accurately as possible.

Specific attention with regards to relevant questioning must be used when inter-
viewing the individual. Past medical history including; shortness of breath, chest 
pain, palpitations, black outs or light-headedness, blood pressure, previous drug use 
and treatment.

3.2.2  Inheritance Patterns

For the vast majority of ICCs, the type of inheritance is autosomal dominant (AD), 
although X-linked (XL), mitochondrial and, more rarely, autosomal recessive (AR) 
are seen [4–6]. The latter is more often seen with ICCs associated with a syndrome 
[7, 8]. There is often great variation in the clinical presentation of ICC’s even within 
the same family which can complicate the interpretation of a family tree.

3.2.3  Red Flags

As well as factors that may complicate the interpretation of a family tree and possibly 
the diagnosis within the family, there are red flags to be aware of which are often warn-
ing signs for a particular condition. It is extremely important to be alert to these when 
interpreting the family history of an ICC and knowledge of these will help in defining 
the specific condition within the family as well as the possible genetic cause. Some red 
flags are varied (sometimes age-related) severity within a family, males >  females, 
additional non-cardiac conditions, and conduction disease.

3.2.4  Conduction Disease

Conduction disease is a red flag for ICCs, particularly in the young, and can be asso-
ciated with certain ICCs as well as other non-inherited types of cardiac disease. 
Dilated cardiomyopathy with conduction disease coupled with a family history of 
sudden cardiac death with or without pacemakers is a strong indicator for LMNA 
associated DCM [9]. This is an important diagnosis to pick up as it often necessitates 
the implantation of an ICD due to the high likelihood of dangerous arrhythmias, 
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although the clinical indication may initially only be for a pacemaker. The knowl-
edge that LMNA is the gene responsible for the phenotype in the family would pro-
vide useful information for counselling other family members as well as valuable 
clinical information that would assist in the management of the patient.

Cardiomyopathies due to the PRKAG2 gene can also present with conduction dis-
ease (Wolff-Parkinson-White [WPW] syndrome. The course of the disease mimics 
other glycogen-storage and metabolic cardiomyopathies but is dissimilar from HCM 
caused by sarcomeric gene mutations. This is due to the fact that the cardiac hypertro-
phy in PRKAG2 mutations is due to increased intracellular glycogen deposition, 
rather than myocyte disarray and fibrosis. It is important to exclude this gene as a 
cause as risk-assessment for an individual or family with non-sarcomeric disease may 
be different as opposed to HCM that due to conventional sarcomeric disease [10].

3.2.5  Alternative Inheritance and Other Non-Cardiac Features

Although the majority of ICCs are inherited in an AD manner, there are other types 
of inheritance that are possible. X-linked inheritance is the second most common 
type of inheritance in ICCs and it is important to identity this as a possibility of the 
inheritance as the diagnosis within the family may be dependent on this. A more 
severe and early onset presentation in males versus females is a red flag for an 
X-linked pedigree. The identification of an X-linked inherited ICC will be informa-
tive for which individuals within the family require screening and/or genetic testing. 
In a few cases, there may be available treatment for the condition.

Anderson Fabry disease (AFD) is an X-linked lysosomal storage disease for 
which treatment exists (see also Chap. 7). The classical form presents in males in 
the first decade of life and signs include episodes of pain, burning sensation in the 
extremities, and angiokeratomas. Patients develop progressive renal damage and 
cardiomyopathy. Milder forms of AFD have now been recognised with cardiac and 
renal variants of AFD. The cardiac variant is the result of a specific gene change and 
presents after the 4th decade with cardiac hypertrophy and proteinuria. The renal 
variant presents around the 2nd decade of life and results in cardiac hypertrophy and 
can lead to end stage renal failure. There It is thought to be a rare condition affecting 
1 in 50,000 males, although evidence from new-born screening indicates that there 
may be rare, later onset and milder variants that are present at a much more common 
frequency (1 in 3000) [11, 12].

If AFD is diagnosed early enough it can be treated by enzyme replacement therapy. 
Recombinant a-galactosidase A was originally trialled in patients with AFD to deter-
mine its safety and efficacy in 2001 [13, 14]. There is evidence that ERT decreases 
cardiac mass, improves LV function, decreases frequency of pain crises, improves pul-
monary and GI symptoms, increases sweating, improves hearing and sensation and 
slows down renal deterioration. There is also more benefit when ERT is started at milder 
degrees of LVH and before the development of severe renal impairment [12, 15].

The diagnosis of AFD is more difficult in females as the presentation can be 
much more varied and can exhibit mild-to-moderate symptoms due to random 
X-inactivation. In addition, standard diagnostic enzyme testing for plasma alpha 

S. Jenkins and C. Kirwan



75

galactosidase activity is not accurate for identifying an affected female, so DNA 
testing, rather than enzyme testing, must be performed if AFD is suspected. The 
presentation of other non-cardiac features should be a red flag as well as possible 
X-linked inheritance and should guide the appropriate diagnostic testing in order to 
make the diagnosis of AFD and enable time-sensitive treatment.

Danon disease is an X-linked glycogen storage disease with variable disease 
presentation and severity (see also Chap. 7). In addition, there is marked variability 
amongst female carriers. Like AFD, the presentation of Danon disease can vary and 
the severity of disease in females can complicate the interpretation of family history. 
Similarly, investigations performed on females can be inconclusive in carriers and it 
is important to consider this when investigating a family for Danon disease [16]. See 
pedigree below (Fig. 3.1).

3.3  Genetic Testing

A key task of genetic counselling for ICCs is to offer genetic testing, where possi-
ble, to the appropriate individual within the family. It is important that the individual 
understands the utility of genetic testing, as well as the possible outcomes, and that 
appropriate consent is obtained.

I

II

III

Retinal dystrophy
Cardiomyopathy

D. 14 years
Awaiting cardiactransplant

Retinal dystrophy
Cardiomyopathy D. 6 yrs SCD

Fig. 3.1 Pedigree showing mitochondrial cardiomyopathy. In this pedigree, the proband, indi-
cated by an arrow, had extensive investigations for a potential mitochondrial cardiomyopathy 
given the retinal dystrophy and cardiomyopathy present within the family. A biopsy was inconclu-
sive. The family history was significant for severe early onset Hypertrophic cardiomyopathy in 
males necessitating cardiac transplant. In addition, there was a high incidence of sudden cardiac 
death. Further questioning revealed that the proband’s sister had retinal dystrophy in one eye only. 
Variable, and even unilateral, expression of retinal dystrophy is often a feature of X-linked retinal 
dystrophy female carriers. Consequently, X-linked inheritance was considered and genetic testing 
was performed for the LAMP-2 gene, which is the cause of Danon disease. A pathogenic mutation 
was identified confirming the diagnosis within the family
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There are two main types of genetic testing for ICC’s; diagnostic testing and 
predictive testing. Reproductive genetic testing can be performed, in certain circum-
stances, to provide a couple with the possibility of having a child who does not carry 
the familial pathogenic variant.

Genetic testing for inherited cardiac conditions is available both on the NHS and 
in the private sector; however, genetic counselling prior to going ahead with genetic 
testing should always be obtained due to the psychologically challenging nature of 
the impact of obtaining a result [17]. Even if a pathogenic variant is found, there is 
still uncertainty as to when or if the condition will present, as well as how severely 
it may present. This uncertainty can create more concerns and worries about the 
future and can often replace the worry of ‘not knowing’.

3.3.1  Diagnostic Genetic Testing

Diagnostic genetic testing is usually performed on an affected individual to try and 
identify a specific pathogenic variant that is causative for their condition. Diagnostic 
testing for ICCs is complicated in that there is not one pathogenic variant or specific 
gene that is universally responsible for causing the condition. As is the case with 
other genetic conditions, there is usually one private pathogenic variant unique to 
that individual or family that is the cause of the ICC. However, there are several 
examples for ICCs in which more than one pathogenic variant has been responsible 
for the condition within the family [18]. In addition, depending on the particular 
ICC, the yield for genetic testing is considerably below 100% with a range of around 
30-70% [19], implicating both the possibility of other yet un-associated causative 
genes. The yield improves significantly; however, with an established family history 
of the disease [3, 18, 20].

The considerable clinical variability displayed by individuals who are gene car-
riers further complicates the interpretation of genetic findings, with complete non- 
expression being observed for some ICCs [19, 21]. Given this, it is important that 
diagnostic testing be performed on an affected individual within the family, as a 
negative result from a genetic test on an unaffected family member would not be as 
informative. However, there are circumstances in which extensive genetic testing 
could be performed on someone who is at high risk but unaffected when there are 
no living relatives or sample available for testing. These are unusual examples and 
the genetic findings would need to be interpreted carefully along with the clinical 
results in order to be informative and meaningful to the individual or individuals 
being tested.

3.3.2  When to Offer a Diagnostic Test?

Genetic testing for ICCs should ideally be performed when the yield from the test 
and the benefits to the family are likely to be high. Two factors that determine a high 
yield are positive family history of the condition and a well-defined phenotype. In 
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addition, it may be important to test for certain ICCs where affected status within a 
family can be difficult to assign due to diverse clinical variability. In extreme cases, 
there can be multiple sudden cardiac deaths within a family in presumably unaf-
fected individuals having clinical screening. TNNT2 is a gene whereby pathogenic 
variants have been known to cause classically defined HCM as well as SCD in 
undiagnosed individuals without any obvious left ventricular thickening [22], 
although this is not always the case. The identification of a pathogenic variant in 
such families would allow for more directed clinical screening and possibly earlier 
clinical treatment. Genetic testing will also confirm the type of inheritance within a 
family and can direct clinical screening for family members.

From the clinician’s point of view, genetic testing is warranted when there are 
potentially clinically actionable pathogenic variants in genes. For example, a patho-
genic variant in the LMNA gene would identify the potential for fatal arrhythmias 
where the detectable clinical indication may only be that of conduction disease [23]. 
Therefore, in this instance, the implantation of an ICD would be merited, rather than 
a pacemaker.

From the individual perspective, genetic testing may be sought for reproductive 
purposes, career choices, or to reduce anxiety and eliminate long-term clinical 
screening. Entry into the Armed Forces often requires an extensive medical exami-
nation followed by a thorough family history questionnaire. It is possible that accep-
tance into such a career may be denied for a family history of an ICC, even if the 
individual is presently unaffected. In the past, genetic testing within the family has 
provided the only opportunity for a family member to gain entrance following a 
negative result.

3.3.3  Who Should Have a Diagnostic Test?

When considering diagnostic testing, it is important to consider who to offer a 
diagnostic test to. Ideally this would be the most informative individual within 
the family and for many of the ICCs this would be the most severely affected 
individual within the family. This is due to the fact that a percentage of families 
with ICCs have more than one pathogenic variant as a cause of the condition 
[18]. This can sometimes be indicated due to an observed discrepancy in pheno-
typic severity within a family; however this is not always a reliable indicator. 
Given this, it is advisable to confirm the identified pathogenic variant within a 
family in all affected members before proceeding to predictive testing. See pedi-
gree (Fig. 3.2).

The concern over a second pathogenic variant within a family is becoming less 
important as panel testing is now becoming more commonplace, although selection 
of the most appropriate individual for pathogenic variant detection still needs to 
occur. Panel testing involves testing several genes at once and often includes a spec-
trum of genes associated with the particular ICC which includes both common 
genes and genes more rarely associated with the ICC in question. Due to the tech-
nology involved, it is more cost effective and quicker to test more genes than fewer 
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genes and so panel testing is now becoming the standard. However, due to the fact 
that more genes are being tested, it is becoming increasingly important to be able to 
interpret the genetic results in the context of the clinical phenotype. This is due to 
the inevitable expansion of our knowledge of genotype/phenotype association with 
the increased use of panel testing.

3.3.4  What Type of Sample to Test?

Genetic testing on blood, saliva or fresh tissue is usually preferred given the quality 
and quantity of DNA that is obtained from these samples. Occasionally it is pos-
sible to perform genetic testing on other types of sample; particularly paraffin 
embedded tissue obtained following a post-mortem. However, this type of sample 
is notoriously difficult to analyse given the amount of DNA that is usually available 
as well as the quality of the sample. It is often best to reserve paraffin-embedded 
tissue for clarification of carrier status within the family once a pathogenic variant 
has been identified in another living family member, thus also preserving the pre-
cious sample.

I

II

III

I II III

I II III IV VI

+
Mut 2

+
Mut 1

V VII

I II

Fig. 3.2 In this example, the proband indicated by the arrow was diagnosed with severe 
Hypertrophic Cardiomyopathy at a young age and died before she could undergo genetic testing. 
Testing was therefore performed on an affected relative (II.II), who was more mildly affected, and 
a pathogenic sarcomeric mutation was identified. There was clinical suspicion of a second muta-
tion within the family due to the phenotypic variability and confirmatory testing in another affected 
relative (II.I) was sought before predictive testing was offered to the proband’s children. This 
affected relative did not carry the original mutation and so further testing was commenced and a 
second pathogenic mutation was identified. The assumption was that the proband carried two 
pathogenic mutations as a cause of her severe HCM. This could not be proven, but in this instance, 
predictive testing could then be offered to the proband’s children
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Genetic testing prior to pathogenic variant detection should include a discussion 
about the possible diagnostic outcomes, as well as any clinical, familial, psycho-
logical and insurance implications.

3.3.5  Possible Outcomes of Diagnostic Testing in an Affected 
Family Member

• A definite disease-causing pathogenic variant is identified. This could be in a 
gene directly linked to the condition being tested for or in a gene unrelated to the 
condition being tested for if panel testing is used. If it is in a gene directly related 
to the condition, predictive testing can be offered to at risk relatives. It is impor-
tant that the phenotype and genotypes match so if a disease-causing pathogenic 
variant is identified in an unrelated gene it would be advisable to discuss this 
further with cardiology and genetics to clarify this. It is important to be cautious 
as there may be another causative pathogenic variant that is responsible for the 
condition. At this stage, it would be advisable (although not necessary) to offer a 
diagnostic test to all other affected family members, called segregation, to con-
firm that this is the only pathogenic variant within the family.

• A variant of unknown significance (VUS) is identified. These are variations 
within the gene in which there is insufficient evidence to clearly categorise the 
variant as disease-causing. In this instance, segregation testing should be per-
formed within the family to prove or disprove the association of the VUS with 
the disease. This can be challenging if many of the affected family members have 
died. Until further evidence is obtained, it is not possible to offer predictive test-
ing for a VUS.

• No disease-causing pathogenic variant is identified. In this instance, clinical 
screening should continue for at-risk family members. It is important to note that 
the absence of an identifiable disease-causing pathogenic variant does not mean 
that the ICC is not genetic. For instance, with Brugada syndrome, there is only 
an identifiable pathogenic variant in approximately 30% of cases [24]. Genetic 
testing should be revisited in the future when there may be additional testing 
available.

Classification of whether an identified variant is potentially disease-causing is 
based on whether the majority of the following criteria can be met as below (derived 
from [25]).

 1. The identified sequence variation is absent from a large group of ethnically 
matched control populations.

 2. The sequence variant co-segregates with disease within the family. This may not 
always be possible due to small family size, unavailable family members, or 
those that are unwilling to be tested.

 3. The nature of the amino acid change is significant and it is predicted to cause a 
significant disruption in protein function and/or structure.
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 4. The sequence variation has been reported previously as disease-causing.
 5. The sequence variant is in important functional domain of the gene and is widely 

conserved amongst different species.

This information is determined by the laboratory which are performing the test-
ing and the relevant evidence for or against the variant being disease-causing is 
detailed on the report.

3.3.6  Predictive Genetic Testing

The predictive genetic testing is offered to relevant unaffected family members. 
This is done to determine whether someone is at high risk of developing the condi-
tion within the family. Those found not to have the familial pathogenic variant can 
then stop long term clinical screening.

Predictive genetic testing can only be offered if a definite disease-causing patho-
genic variant has already been identified within the family. It is important that indi-
viduals receive genetic counselling prior to having a predictive genetic test. This is 
so that they understand the implications of a predictive test in relation to the specific 
ICC that they are being tested for. This includes the outcomes of both a positive and 
negative result, implications for insurance, any financial implications, and the psy-
chological impact on the individual as well as implications for the extended 
family.

3.3.6.1  Possible Outcomes of Predictive Testing
 1. The pathogenic variant previously identified in the family is present. This does 

not necessarily mean that the individual is affected with the condition, or that 
they will definitely develop the ICC; however they are at increased risk of doing 
so and would need regular clinical screening. This is almost always necessary 
even in the absence of symptoms as many of the ICCs present with little or no 
symptoms.

 2. The pathogenic variant previously identified in the family is not present. This 
means that the individual is no longer at increased risk for developing the ICC 
that is present in the family and do not require additional screening. However, 
they are still at risk of heart disease and should get advice from their GP if they 
have concerns in the future. They will also not pass on the pathogenic variant to 
their children.

3.3.7  Genetic Testing in Children

When considering genetic testing in children there are a number of different ethi-
cal, moral and legal issues that need to be taken into account. The topic of genetic 
testing in children has been extensively deliberated [26–28] and whilst this 
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chapter cannot cover in detail all the different aspects of genetic testing in chil-
dren, it aims to highlight some pertinent considerations, particularly those related 
to ICCs.

First and foremost, one needs to consider if there is a clear advantage to the child 
and whether this is the right time to test. Is the condition being tested for a childhood 
onset condition, or an adult onset condition? There are a number of different tests that 
can be offered, ranging from single gene tests, gene panels, through to genome sequenc-
ing. When a gene panel, whole exome or whole genome sequencing is used it is impor-
tant to consider that the result may come back indicating a pathogenic variant for a 
condition that would not affect the child during childhood. The genetic counsellor also 
needs to consider whether the child would receive screening and treatment if they were 
found to have a pathogenic variant and when this screening and treatment would start.

The challenges of genetic testing in children has been recognised for a number 
of years but it has always been agreed that “timely medical benefit to the child 
should be the primary justification for genetic testing in children and adolescents” 
([29], p. 1233). This has been further supported throughout the literature [26, 30]. 
Thus it is essential to balance the potential benefits and harms of testing when con-
sidering genetic testing in children.

Predictive testing in children involves testing an unaffected child for a known 
familial genetic condition. It is usually agreed that testing should be offered when 
the onset of such a condition occurs in childhood [26, 31]. However, it is recom-
mended that caution is taken and the timing of the test considered and discussed 
with the parents and child, if appropriate.

There are many questions to consider when offering predictive testing in chil-
dren, which can help to determine the best time to carry out the genetic test:

•  Is screening/treatment available immediately or would the child have to wait a 
number of years?

• Is the condition likely to present at any time?
•  Is the child asking for the genetic test themselves?

It may be that a child attends the genetics clinic with an older sibling and has a 
number of questions of their own. Therefore it is important for the counsellor to 
make time for the child, to speak at their level and to also take into account what is 
going on in the child’s life at that point in time. For example, receiving a bad news 
result could have a huge impact on the child if they have just suffered the sudden 
loss of a close relative. In this instance it may be more suitable to delay testing and 
perhaps to consider if screening is more appropriate for the immediate future and 
review the situation at an agreed time.

It is important to always consider if the test is in the best interest of the child. 
This can be particularly challenging with ICC’s due to:

• Variability and penetrance within families
• Continued uncertainty
• Age of onset
• Loss of confidentiality
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Variability refers to the diversity of signs and symptoms that present in different 
people with the same genetic condition. In ICC’s the features can vary widely with 
some family members having only mild symptoms, while others may have life- 
threatening complications or sudden death [32]. Penetrance refers to the number of 
individuals with a pathogenic variant having signs and symptoms of the condition. 
As ICC’s can show reduced penetrance these can greatly add to the challenges when 
offering genetic testing in children [19].

This uncertainty can increase anxiety within families, which in itself may cause 
more harm than good. It is therefore important to discuss the reasons for requesting a 
genetic test at a particular time, this may allow the genetic counsellor to allay particular 
fears and clarify any misconceptions supporting the child and family to make the right 
decision for them. Ormonroyd et al. [33] carried out a study looking at 22 families with 
ICC’s who had undergone predictive testing. This study highlighted some of the par-
ents’ concerns when considering genetic testing of children. These included:

• Children’s activity levels
• Whether or not to restrict these
• Lack of information

Although these are areas that can be explored with the parents and children this is 
not an exclusive list. It is important that each family is seen as individual and given 
time for their own fears and concerns to be raised and explored fully. This work is 
backed up by Mangset and Hofmann [34] who carried out qualitative interviews of 
13 parents of children with Long QT syndrome (LQTS) and also found these were 
key points raised by parents when considering genetic testing for their children.

Another consideration is whether the child is mature enough and has sufficient 
understanding to make their own decision. In cases where an ICC is not likely to 
present within the near future, it is important to consider the child’s own capacity to 
make an autonomous decision as an adult. In the UK the rights of the child to make 
their own autonomous decision, separate to that of the requests of the parents, are 
recognised in law by Gillick v West Norfolk and Wisbeck Area Health Authority 
[35]. This ruled that health professionals must balance the best interest and welfare 
of the child, while also hearing their views and opinions, and it may not be that the 
parents’ views and requests are the overriding factor. It is important to be mindful 
not to alienate a parent or guardian in clinic but to try to draw all parties into discus-
sions for predictive genetic testing. This is supported by the report from the British 
Society of Human Genetics [26] on the genetic testing of children.

When offering predictive testing in children the possible loss of confidentiality 
of their information needs to be considered. When undergoing genetic testing as an 
adult, one can choose to whom they disclose their information. However, as a child 
the parent or guardian may disclose the information to others whilst looking for 
their own support, as such the child is not able to control or determine who can and 
cannot know their result.

When carrying out genetic testing in a child, whether it is diagnostic or predictive 
testing, it is important to consider what and how to tell the child. This will be dictated 
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by the age of the child and their level of understanding. The condition that is being 
tested for also needs to be considered and the depth of the information needs to be 
tailored to the individual child. It is important to strike the right balance between pos-
sibly frightening a child due to providing information they do not understand, against 
not providing sufficient information. One should consider whether information is best 
given piecemeal or all at once. Mangset and Hofmann’s [34] study demonstrated that 
parents believed that information for children should be open and honest and children 
were best supported by allowing them to find out information over time.

Thus, as highlighted, it is important to discuss through the pros and cons of going 
ahead with genetic testing with the family (and child if appropriate), ensuring they 
are aware of all the options that are available. These then need to be balanced with 
the individual family and child.

3.3.8  Consent for Genetic Testing

There is numerous legislation and guidelines for health professionals to adhere to 
when obtaining consent including: Human Tissue Act [36], Code of Practice 1: 
Consent [37], Reference guides for consent [38] and Consent: Patients and doctors 
making decisions together [39]. The government has also set out the requirements 
for consent within the Human Tissue Act [36]. However, although these provide the 
fundamental basis of informed consent and the requirements to be adhered to, they 
do not focus on consent with regards to genetic testing directly and it is often added 
in as an adjunct to previous regulations. The Joint Committee on Genomics in 
Medicine (JCGM) (formerly Joint Committee of Medical Genetics) originally 
reviewed the literature in a document focusing on “Consent and Confidentiality in 
Genetic Practice” [40]. They have updated their guidance in line with the ever 
changing field of genetic testing to ensure it is current and appropriate to acknowl-
edge the way we are now able to offer genetic testing [41]. All of these documents 
[36, 37, 39–41] need to be taken into account when obtaining informed consent 
from patients to maintain best practice.

Government regulations regarding consent stipulate that a number of require-
ments must be met in order for consent to be valid. These requirements include; 
identifying who should give consent, whether or not the individual has got sufficient 
information regarding the issue for which consent is being obtained, how the con-
sent will be recorded, and whether or not a record of consent will remain with the 
sample [37].

3.3.8.1  Is Consent Required?
When considering genetic testing it is important to be aware that the Human Tissue 
Act [36] states:

“A person commits an offence if –(a)He has any bodily material intending –(i)that any 
human DNA in the material be analysed without qualifying consent”(HTA [36], Part 1, sec-
tion 45;(1)(a))
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If tissue such as blood or saliva is being taken for DNA analysis consent must be 
obtained from the appropriate person before testing can be carried out. It is the respon-
sibility of the health professional requesting the test to ensure that adequate consent 
has been obtained.

3.3.8.2  Who Should Give Consent?
Living competent adult: Where an adult has capacity to consent to genetic testing 
they should give their consent.

Living adult who lacks capacity: If an adult lacks capacity, then the best interests 
of that individual needs to be considered before going ahead with genetic testing. 
The Mental Capacity Act [42] details the requirements for making a judgement in 
the case of best interest. However, the [41], p.  14) argue that this could include 
“indirect benefit: the well-being of relatives could be a valid justification...if this had 
a positive effect on the care of the adult”.

Deceased adult: If DNA needs to be extracted from a deceased adult in order to be 
tested, and the deceased individual made their wishes regarding genetic testing clear 
prior to their death their wishes should be followed. However, if they did not make a 
decision in relation DNA testing, consent needs to be obtained from their appointed 
representative. The decision by this representative will not be able to be overridden by 
those in a qualifying relationship (see below). If there is no appointed representative, 
then anyone in a qualifying relationship can give consent for DNA testing [36].

3.3.8.3  Qualifying Relationships
 1. Spouse or partner
 2. Parent or child
 3. Brother or sister
 4. Grandparent or grandchild
 5. Niece or nephew
 6. Stepfather or stepmother
 7. Half-brother or half-sister
 8. Friend of long standing.

One area that is not covered by the Human Tissue Act [36] is if DNA is already 
extracted and stored prior to the individual’s death. In this situation it would be 
advisable to discuss testing with the deceased family before going ahead [41].

3.3.9  Living Child

When considering genetic testing in children it is important to be aware that a child 
is defined as being under 18 years old in England and Wales and under 16 years old 
in Scotland [36, 43]. Children can consent to genetic testing if they are competent 
to do so. This is defined by Gillick competency in which Lord Scarman stated a 
child could consent if they were found to have sufficient comprehension to fully 
understand the proposed procedure [35].

Genetic testing should be discussed with the child, if the person obtaining con-
sent feels that they fully understand what is proposed they can consent to the test. 
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However, the Human Tissue Authority [37] recommend that those with parental 
responsibility are also consulted. It is important that the child is not influenced sig-
nificantly by others and that the person taking consent is confident that this is in the 
best interest of the child. If a child is not competent to consent to genetic testing or 
they choose not to make a decision, then the person who has parental responsibility 
can give consent [37].

3.3.9.1  Deceased Child
Similar principles apply to deceased children as to deceased adults. If the child was 
competent at the time of their death and gave consent to genetic testing prior to their 
death, their consent will still be valid and their wishes should be upheld. The Human 
Tissue Authority [37] advises that it should be discussed with those with parental 
responsibility whether or not the child was competent to consent at the time.

If the child was not competent at the time of their death, or did not make a deci-
sion, then those with parental responsibility should give consent. Only if there isn’t 
anyone with parental responsibility should consent be obtained from someone in a 
qualifying relationship [37].

3.3.10  Have They Sufficient Information to Understand?

Sufficient information regarding the test and its implications should be given. The 
patient should be aware if the test is diagnostic or predictive. If it is predictive a full 
discussion of the condition they are being tested for should be given as well as mak-
ing them aware of their risk of being affected. They should also have a chance to 
discuss the implications of genetic testing not just for themselves but for other fam-
ily members.

Practical aspects of the test itself should be discussed, from what the test involves, 
when a result will be obtained, the different types of results that maybe obtained 
including incidental findings. The Joint Committee for Genomic Medicine has set 
out clear guidance as to what should be discussed with patients when obtaining 
consent for genetic testing ([41], p. 5).

3.3.11  How Will the Consent Be Recorded?

Although written consent for genetic testing is not a legal requirement, both the 
General Medical Council (GMC) and JCGM consider it best practice to document 
clearly the discussion and agreement in the clinical notes [39, 41].

3.3.12  Scope of Consent

Obtaining consent can be more difficult when gene panels, whole exome or whole 
genome sequencing is being carried out. These tests can produce a broad range of 
results which may not be directly related to the condition diagnosed in the proband. In 
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this situation it is not possible to discuss all the conditions which could be identified. 
However, if general consent to undergo genetic testing is obtained, with an explana-
tion that unexpected results could arise, then this is considered to be sufficient [41].

3.3.13  Consent to Share Information

Genetic test results are not only relevant to the individual tested but also to the 
extended family. Thus during the consent process the implications and release of 
genetic information to other family members should be discussed. This can be 
invaluable in identifying those who wish to withhold consent to release information 
and there reasons for withholding this information. In such situations the genetic 
counsellor may be able to provide support and explore this further, allowing the 
genetic counsellor to put support in place if needed. It is also important to consider 
that it may be distressing for these individuals to have someone they have not met 
contact them at a later stage if consent about releasing their genetic result is not 
discussed at the time of testing.

3.3.14  Withdrawal of Consent

It is important when obtaining consent that patients are aware they are able to with-
draw their consent at any time [37, 39]. However, in relation to genetic testing, once 
a result is given the information cannot then be withdrawn. A patient may withdraw 
their consent in relation to the test or if a family rift occurs a patient may withdraw 
their consent to share the information with other family members.

The requirement for obtaining consent has been around for many years, yet the 
specifics of consent continually change. It is important that genetic counsellors and 
health professionals keep abreast of these changes and local policies that are in 
place for the area they work in.

3.4  Reproductive Genetic Testing

Reproductive genetic testing gives couples an opportunity to avoid passing on the 
pathogenic variant to their children. There are two different types of testing; prena-
tal and pre-implantation genetic diagnosis (PGD).

Prenatal testing involves testing the pregnancy. A chorionic villus sample (CVS) 
is carried out at around 11–14 weeks gestation and involves placing a needle through 
the abdomen guided by ultrasound and sampling a small amount of the chorionic 
villus. This carries around a 1–2% risk of miscarriage [44]. An amniocentesis can 
be offered from around 15 weeks of pregnancy. This involves removing amniotic 
fluid from around the baby again via a needle inserted into the womb guided by 
ultrasound. This carries around a 0.5–1% risk of miscarriage [45]. The results for 
ICC testing take around 5–7 working days. However, it is important to discuss with 
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patients that these will not be the only results and the results will be staged. Patients 
should be given the option of how they wish to receive the results and also the dif-
ficulties of the procedures such as low lying placenta and maternal cell contamina-
tion should be discussed.

Prenatal testing is not agreeable for every couple as it involves a risk of miscar-
riage and the possibility of a termination of pregnancy if the fetus is found to carry 
the pathogenic variant. PGD on the other hand involves checking for the pathogenic 
variant of an embryo that has been specifically created through assisted reproduc-
tive technology (ART) and implanting only those embryos that do not carry the 
pathogenic variant. However, in order to undergo PGD, the specific condition, gene, 
and pathogenic variant particular to the family must be licensed by the Human 
Fertilisation and Embryo Authority (HFEA). Presently, over 250 conditions are 
licensed, including HCM, ARVC, DCM, CPVT and LQT. Other syndromic condi-
tions that have a cardiomyopathy as part of the phenotypic spectrum are also 
licensed [46]. If a condition is not presently licensed, it is often a couple interested 
in having PGD that starts the process towards being licensed. However, the HFEA 
must agree that a particular genetic condition is sufficiently serious before clinics 
are permitted to test for that condition using PGD. Provided the condition is licensed, 
PGD is available on the NHS for couples who fulfil certain criteria. These include 
having a healthy BMI, being a non-smoking couple, female age under 39 years, and 
no previous healthy child. If the couple do not qualify for PGD on the NHS, they 
can pay for it privately. However it should not be underestimated how emotionally 
challenging PGD can be.

3.5  Insurance and Genetic Testing

The Concordat and Moratorium on Genetics and Insurance in the UK has now been 
extended until 1st November 2019 [47]. This was drawn up with collaboration 
between Her Majesty’s Government and the Association of British Insurers. In 
essence this is an agreement by which the insurance companies agree to be transpar-
ent and fair in the use of genetic information, in order not to deter individuals from 
going ahead with genetic testing due to financial considerations.

The Concordat and Moratorium only covers predictive genetic tests. There are 
three financial products currently affected by the concordat and moratorium. These 
include: life insurance, critical illness insurance and income protection. Life insur-
ance pays out a lump sum if you die and is often a requirement for obtaining a 
mortgage; critical illness insurance covers an individual if they are diagnosed with 
or requiring treatment for certain conditions and payment protection insurance pro-
vides cover when someone is incapacitated and unable to work.

Insurance companies are able to ask details of diagnostic genetic tests which 
include those of family members [47]. Disclosure of a predictive genetic test result is 
only requested when three specified criteria are met. This is due to be reviewed in 
2016. The implications of genetic testing on insurance should be discussed with 
patients undergoing genetic testing. It is important that genetic counsellors are aware 
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of the current guidance and are able to advise and signpost their patients accurately. 
The Genetic Alliance UK publication [48] is a patient friendly review of the informa-
tion, patients can also be directed to the actual Concordat and Moratorium (2014).

3.6  Psychological Implications of Inherited Cardiac 
Conditions

The impact of living with inherited cardiac conditions cannot be underestimated. 
The sudden and unexpected loss of a child, sibling, parent or close relative is a dev-
astating and highly emotional event. Discovering this could be hereditary, and that 
other close family members may have an increased risk of sudden death, only exac-
erbates an already tragic situation. It is therefore essential that health professionals 
are able to communicate information in a clear and concise manner.

There are a range of emotions which those affected and their family members can 
go through; including fear, guilt, anger, denial, grief and despair. It is important for 
clinicians and genetic counsellors to be aware of these so they are able to fully support 
the patient and families as effectively as possible to adjust to the diagnosis. There are 
also many different reactions that families can have in response to having a relative 
experience a cardiac event or sudden death. This chapter will not attempt to cover all 
of these; however some of the more common reactions are highlighted here.

3.6.1  Information

It is essential that patients and families receive clear and accurate information so 
that they can process the many issues they may have to deal with, such as trying to 
explain to children why a parent or sibling has suddenly died, while at the same time 
being terrified of losing another relative to sudden death. Merlevede et al. [49] inter-
viewed 74 relatives of individuals who had died suddenly. The interviews were car-
ried out at three different time periods following their loss to look at their perceptions 
and needs. Although they were not looking specifically at relatives of sudden car-
diac death, they demonstrated that relatives of those who died suddenly and unex-
pectedly have a need for information. In addition, they found they were often unable 
to ask questions in the immediate aftermath.

Families with inherited cardiac conditions are likely to attend the initial genetic 
counselling consultation with many questions. Thus it is important for the clinician 
and genetic counsellors to have access to up to date knowledge in order to give these 
families accurate information in a timely manner to help them process all of the 
information and the situation they find themselves in.

3.6.2  Uncertainty

Genetic testing for inherited cardiac conditions is available on the NHS and in the 
private sector. However, prior to going ahead with genetic testing, genetic counsel-
ling should always be obtained because of the psychologically challenging nature of 
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the impact of obtaining a result [17]. Even if a pathogenic variant is found there is 
still uncertainty as to when the condition will present and how severely, due to the 
variability of these conditions even within families.

The European Society of Cardiology et al. [50] recommend screening of first- 
degree relatives when a possible inherited cardiac condition is found. It is estimated 
that around one third of families, in which no cause of sudden death is identified, are 
found to have inherited cardiac conditions [51]. However, for many families a 
pathogenic variant will not be detected and these families will continue to have 
uncertainty regarding risk and the hereditary nature of the condition. It is therefore 
essential that all of the possible outcomes are discussed prior to any testing, so that 
families are fully informed when considering genetic testing.

In a qualitative study by Hidayatallah et al. [52] they found that families often do 
not know or understand why their apparently healthy relative has died, this was 
found to be the case particularly with cardiac channelopathies. The study looked at 
50 participants from 32 families, who were personally affected by a cardiac event, 
or had a relative who had a cardiac event or sudden death. This study found that 
genetic testing is not commonly requested following autopsy and as such “Families 
are frequently left with the ambiguous conclusion that a loved one died from 
‘unknown’ causes” creating further anxiety ([52], p. 3). They also comment that 
since these deaths often occur during sleep there is very little information surround-
ing the death. This lack of information only further compounds the uncertainty.

3.6.3  Bereavement and Grief

Bereavement and grief is multifaceted and individuals will experience grief in dif-
ferent ways and at different times. There are five recognised stages of grief as identi-
fied in the seminal work of Elizabeth Kübler-Ross [53]. These include; denial, 
anger, bargaining, depression and acceptance.

3.6.3.1  Five Stages of Grief
Denial is a common reaction in the early stages of the grief process. Many people 
will think ‘it didn’t happen, it must be a mistake’. Whereas some may be numb and 
appear to others as if they are not grieving. This numbness may act as a form of 
defence to prevent being overwhelmed by the situation [54]. Patients may be aware 
they are in denial and not ready to let go of their loved one, others however, may not 
even realise they are in denial. It may be they are not able to cope, so by only accept-
ing parts of the reality they prevent themselves from being overwhelmed. This reac-
tion is more common in those who experience sudden deaths. Worden [54] suggests 
those who experience sudden and unexpected deaths are also more likely to take 
longer to accept the loss.

Anger is a common response in the grieving process but can be confusing to 
those experiencing this. It is hard for them to feel anger at their loved one for dying 
and leaving them, as a result this can get directed at others when looking for a sense 
of blame to try to reason with the loss [53]. By acknowledging and exploring their 
anger, but remaining detached and non-judgemental, it can allow the patient to 
voice the reality they are facing.
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Bargaining sometimes happens with patients who have experienced a sudden 
loss or cardiac event. This is a time when they say “if I do this then…”, this is not 
meant in reality but it is a form of adjustment. It may be reflected in wanting to 
ensure genetic testing and screening of all family members occurs immediately. 
This can make it more challenging when discussing the pros and cons of testing and 
the timing of testing with patients.

Depression is considered by Elisabeth Kübler-Ross foundation [53] to be the 
full reality of grief. Those experiencing it may withdraw from others, suffer from 
sleep disturbance or refuse to eat. They may consider ‘what is the point’. This can 
be difficult and frustrating for relatives who may still be in the bargaining phase 
and want to be proactive but are unable to bargain with those in the depressive 
phase of grief.

Acceptance is a part of the grief process in which genetic counselling can play an 
important role. There are different aspects to acceptance that need to be considered. 
The relatives need to accept their loss on a practical level whilst adjusting to the 
impact on their everyday life. This may be financial and/or bringing up children 
alone. Relatives of the deceased will also need to come to terms with how the death 
affects their own sense of self. For many families the bereavement can also impact 
on their beliefs and values [54]. It is therefore important for genetic counsellors to 
be aware if someone appears to be suffering from complicated grief and ensure that 
further support is available and offered if required.

Anxiety: Due to the sudden and unexpected loss or near death experience of a 
family member, families can sometimes be left extremely anxious. Worden [54] 
states that anxiety in the bereaved can range from a lack of confidence in one’s abil-
ity to cope to having a strong panic attack. Guidelines and strategies for extended 
family care were reviewed by Vincent [55] and these describe how families are left 
wondering who will die next. Patients often describe the fear of letting a family 
member out of their sight in case they don’t come back.

Merlevede et al. [49] highlighted how patients can sometimes feel they are left 
with unanswered questions following the sudden death of relatives, which only 
adds to their anxiety. They may have been informed it is a hereditary condition 
but given little further information other than to see their GP. Even when they 
have further information in relation to the condition, patients still worry about 
how they are going to tell their relatives or when and how they are going to tell 
their children.

Guilt: Relatives may feel guilt and self-reproach in relation to the loss of a loved 
one. These may be irrational thoughts but it is common for people to feel they 
should have seen them more or been there more for them. In addition relatives can 
struggle with the guilt of having passed on a pathogenic variant to their child/chil-
dren. This is highlighted in a study by Mangset and Hofmann [34], a small study of 
13 parents of children with Long QT syndrome (LQTS). They demonstrated parents 
need to know the genetic status of their children and they looked specifically at the 
challenging issues that arise for parents of children at risk and affected by LQTS. The 
study highlighted the high levels of anxiety of having an affected child, as well as 
the parents struggle with guilt.
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3.7  Family Communication

In order to ensure as many relatives as possible are screened or tested to prevent an 
adverse event occurring, genetic counsellors need to discuss with each family how 
they are going to disseminate the information to other family members. Some may 
wish to have a letter they can pass on to relatives to help them accurately convey the 
information.

It is important to make clear what information will and won’t be released to other 
family members to ensure misconceptions and misunderstandings do not arise 
within the family, as this may prevent access to screening and testing. Mangset and 
Hofmann [34] support the importance of genetic counsellors assisting the family to 
convey the information to other family members. This may not be just after an ini-
tial consultation when informing a family member, it may be sometime later when 
a child is older and requiring more detailed information about the condition. Patients 
and families should be made aware that they can re-contact the genetics department 
if they wish to be seen again. Genetic counsellors and clinicians can help to support 
family communication in difficult times, for example when children get older and 
become more questioning.

3.7.1  Impact on Family Relationships

Family relationships can be deeply affected when a genetic condition is identified in 
the family. The ways in which different family members respond to the information 
may create tensions within the families. Parents can often feel guilty about having 
passed on a risk of early sudden death to their children. Siblings found not to be 
affected may suffer ‘survivors’ guilt’ and question why it was not them or have many 
questions surrounding the death to try to come to terms with this sudden loss [56]. 
Affected children may be treated differently by parents who become over protective 
of them or distance themselves as a form of self-protection. This can then create 
issues between affected and non-affected siblings.

At risk individuals whose work may be impacted by such information may resent 
others for raising this information with them when they may have chosen not to know.

3.7.2  Support

In order to help reduce patients anxiety when going through genetic testing it is 
recommended, in other genetic conditions, that they bring a relative or friend to sup-
port them through the testing process [57]. It is important that the genetic counsellor 
who is taking the patient through diagnostic or predictive testing explores the 
patient’s support network and who they will look to outside of the clinical setting to 
support them through the process. This will help to ensure they have support when 
they leave the clinic. Literature has shown that those with a good support network 
may have reduced anxiety compared to those without [58, 59].
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3.7.3  Multiple Bereavements

Some families may have experienced multiple sudden deaths within the close fam-
ily. Genetic counsellors need to be aware that bereavement due to multiple losses 
can have additional characteristics. In these families individuals can often suffer 
from increased personal vulnerability, depression and suicidal thoughts [54].

3.7.4  Adjustment: Living with Risk

In time most patients and their families will adjust and adapt to the new diagnosis 
within the family. Genetic counsellors need to have an understanding of how indi-
viduals and families process the information and adapt so they are better able to 
support these families and intervene with those who struggle to adapt.

 Conclusion
It is important for clinicians and genetic counsellors to ensure patients undergo-
ing genetic testing (diagnostic or predictive) are given as much information as 
they need, are fully supported and have time to consider the implications of the 
genetic test prior to going ahead. Genetic testing requires an understanding of the 
testing being offered, the limitations of the test, and all possible results that may 
arise. With their specific training, genetic counsellors are well placed to be able 
to provide the individual with all of this information and enable them to make an 
informed choice about testing. It is encouraging that the literature indicates that 
the majority of those going ahead with genetic testing for ICC’s found that it 
promoted a sense of control and provided reassurance for the patient [60].
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Abstract
What is NGS? Basically, we give this name to a group of technologies that allow 
the sequencing of thousands or millions of DNA or RNA fragments in parallel, 
while with the Sanger methods we were amplifying and evaluating those frag-
ments one by one. The result is an enormous increase in the sequencing capacity 
and speed, and a huge decrease in the cost per sequence. As an example, one of 
the currently available NGS machines is able to perform the same work as 
100,000 Sanger sequencers. In the “Sanger Sequencing era” we had to focus our 
analysis in a limited number of fragments or genes, and the cost of the studies 
was a major determinant in the decision to perform genetic studies in patients 
affected by inherited diseases. Now, we can use the huge capacity of the NGS 
technologies to perform not only more comprehensive studies, but also cheaper 
ones. NGS is very useful for the evaluation of many genes, or even a whole 
genome, in individual patients. It is also very appropriate for the evaluation of 
lower numbers of genes in multiple patients at the same time, which is very 
important to increase the accessibility to the genetic tests.
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4.1  Introduction: What Is “Next Generation Sequencing” 
and Why We Need It in Inherited Cardiovascular 
Conditions

Since the discovery of the DNA structure by Watson and Crick in 1953 there has 
been a continuous, but relatively slow, progress in our capacity to read and interpret 
DNA and RNA sequences. Sanger and Gilbert published their sequencing method in 
1977, but the first automated sequencer was not commercially available until 1987. 
This technological advance was essential for the beginning of a new era of scientific 
and medical advances, with the discovery of the genetic basis of thousands of differ-
ent diseases. For example, the first mutation associated with the development of 
hypertrophic cardiomyopathy was published in 1989. The Human Genome Project, 
which began in 1992 and resulted in the first sequence of the human genome in 2007, 
should be considered the culmination of what we could call “the Sanger Sequencing 
era”. Hundreds of scientists and machines all over the world had to work together 
during 15 years to get that sequence, which now we can get in one day in a single 
machine for approximately 1000 euros. This extraordinary achievement is the conse-
quence of the irruption of what we call “Next Generation Sequencing” or NGS [1].

What is NGS? Basically, we give this name to a group of technologies that allow 
the sequencing of thousands or millions of DNA or RNA fragments in parallel, while 
with the Sanger methods we were amplifying and evaluating those fragments one by 
one. The result is an enormous increase in the sequencing capacity and speed, and a 
huge decrease in the cost per sequence. As an example, one of the currently available 
NGS machines is able to perform the same work as 100,000 Sanger sequencers. In 
the “Sanger Sequencing era” we had to focus our analysis in a limited number of 
fragments or genes, and the cost of the studies was a major determinant in the deci-
sion to perform genetic studies in patients affected by inherited diseases. Now, we 
can use the huge capacity of the NGS technologies to perform not only more com-
prehensive studies, but also cheaper ones. NGS is very useful for the evaluation of 
many genes, or even a whole genome, in individual patients. It is also very appropri-
ate for the evaluation of lower numbers of genes in multiple patients at the same time, 
which is very important to increase the accessibility to the genetic tests.

The inherited cardiovascular conditions, including cardiomyopathies, channelo-
pathies, familial aortic and vascular diseases and inherited dyslipidaemias consti-
tute one of the most appropriate scenarios for the application of NGS technologies 
for several reasons:

 1. They are usually monogenic (or oligo-genic) diseases with a familial presentation: 
genetic testing has the highest impact in the management of those diseases that are 
due, and explained, by the presence of a single or a small number of mutations.

 2. They show a high degree of genetic heterogeneity: Each one of these groups 
includes a number of diseases of genetic origin, and each one of those diseases 
may be caused by hundreds of different mutations affecting a number of differ-
ent genes. This genetic heterogeneity found in inherited cardiovascular diseases 
explains a great part of their clinical heterogeneity. The understanding of the 

L. Monserrat



99

genetic basis of each condition allows the clinicians to establish a more precise 
and individualized prognosis, through a better knowledge on the clinical charac-
teristics associated with each gene and each particular mutation. NGS is the best 
tool for the evaluation of multiple candidate genes.

 3. Overlapping or intermediate phenotypes are quite frequent: It is not rare that the 
same patient shows clinical characteristics that point to different diagnoses (for 
example, dilated, hypertrophic and arrhythmogenic cardiomyopathies may 
appear as overlapping phenotypes). In those cases, the genetic testing is espe-
cially useful to define the disease and the genetic screening has to include genes 
that have been associated with the different “suspected” phenotypes.

 4. There are many cases with mild or incomplete clinical expression: genetic test-
ing is very useful for an early and correct diagnosis in those cases that will allow 
a better programming of the follow up and risk stratification. The selection of the 
candidate genes is more difficult in cases with subtle or incomplete expression, 
and the possibility of including many genes in the screening is especially inter-
esting in that situations.

 5. They are associated with sudden death risk: In fact, inherited cardiovascular dis-
eases are the main causes of sudden death in young individuals, and are also 
associated with sudden death risk in older patients. Sudden death may be the first 
manifestation of the disease, and for that reason it is essential to obtain an early 
diagnosis in affected individuals and in their relatives. Genetic testing offers a 
unique opportunity for early diagnosis, confirmation of clinically suspected (but 
not confirmed) conditions, and for the familial screening.

The impact of NGS in the evaluation of inherited cardiovascular conditions is 
clearly explained by the following example. In 2011, the HRS/EHRA expert con-
sensus statement on the estate of genetic testing for the channelopathies and cardio-
myopathies [2] said about genetic testing in dilated cardiomyopathy that “none of 
the >25 known disease-associated genes has been shown to account for ≥5% of this 
disease”, and for that reason, it did not recommend to perform genetic testing in 
dilated cardiomyopathy except in cases with cardiac conduction defects or multiple 
sudden deaths (looking for mutations in the LMNA gene). Nowadays it has been 
shown that with the current NGS panels that allow the evaluation of all the candi-
date genes in parallel, including “giant” genes as TTN (encoding titin), we are able 
to find mutations responsible for the development of idiopathic dilated cardiomy-
opathy in more than 50% of the cases, and up to 70% in some circumstances [3].

4.2  Next Generation Sequencing Technologies

4.2.1  General Overview of the Process

The main differential characteristic of NGS versus the previously available sequenc-
ing technologies is its capacity to perform the evaluation in parallel of multiple 
DNA fragments (up to the level of millions) at the same time. This may be obtained 
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through the application of different technologies at several steps in a complex pro-
cess. We will briefly review this process, from the perspective of a clinician, in the 
following sections.

In summary, we can divide the process in four steps: sample preparations, sequenc-
ing, bioinformatics analysis and interpretation of the results. All those steps may vary 
depending on the selected technologies and objectives of the study. Figure 4.1 pro-
vides a general overview of the whole process.

4.2.2  Sample Preparations

We call “sample preparations” to all the processes that are required before the sam-
ples are introduced in the sequencer, including the DNA or RNA extraction and the 
enrichment or direct amplification technologies that will finish with the preparation 
of the fragments that will later enter in the sequencer.

4.2.2.1  DNA, RNA Extraction
The first step in the process is to extract DNA or RNA from the available sources. 
Genomic DNA may be obtained from any sample containing nucleated cells. Most 
often, DNA is extracted from either blood, saliva or tissue samples. It is of the maxi-
mum relevance for the quality of the NGS result to start with a sufficient quantity of 
good quality DNA. Both manual and automated DNA extraction methods are able 
to provide excellent quality DNA when we use fresh or refrigerated blood, extracted 
in the previous 48–72 h. When it is not possible to extract the DNA in that period, 
blood may be kept frozen (at least −20 °C) even for prolonged periods. However, 
frozen blood samples that are kept for a long time may be of suboptimal quality. 
Once the DNA has been extracted, it may be kept at −80 °C for very long periods 
without a relevant effect in its quality. Saliva samples are currently a good alterna-
tive for blood as DNA source for NGS. Several commercial kits are available that 
allow an easy collection and transport of the saliva samples. The yield and quality 
of the obtained DNA are good when the collection is adequately performed, even 
when the kits are maintained for several days at room temperature. Mouth swaps are 
an alternative for a non-invasive samples collection that is especially interesting in 
infants and small children who are not able to collaborate for saliva collection. In 
these cases it may be required to get more than one swap to warrant the obtaining of 
a sufficient DNA quantity. Fresh or frozen tissue samples from or autopsy or biop-
sies of organs with high cellularity are usually a good DNA and RNA source. DNA 
may also be obtained from paraffin embedded tissues, but this source should only be 
considered when there are not other samples available. The preservation process 
undergone by the samples before the paraffin inclusion is associated with DNA 
damage and degradation. Even thought it is possible to obtain DNA suitable for 
NGS sequencing from these samples, it is usually of lower quality and in a propor-
tion of cases it will not be possible to obtain analysable sequences.
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Fig. 4.1 Overview of the Next Generation Sequencing genetic testing process for the evaluation 
of patients with inherited conditions
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A special situation is when we are interested in the evaluation of mitochondrial 
DNA. There are mitochondria in both nucleated and non-nucleated cells. When we 
extract whole DNA from any one of the previously described samples, we obtain 
both nuclear and mitochondrial DNA, and there are usually many copies of the mito-
chondrial DNA per each nuclear DNA copy. Nuclear DNA includes multiples 
sequences that are homologous to sequences found in the mitochondrial DNA. If we 
want to obtain pure mitochondrial DNA, we have to separate the mitochondria before 
doing the DNA extraction. However, in many cases the sequencing of the mitochon-
drial DNA is performed from extractions done from the whole samples, assuming 
that most of the copies of the sequences of interest will come from the mitochondrial 
DNA and not from the homologous sequences present in the nuclear DNA.

While genomic DNA is the same in all our diploid cells, RNAs (and cDNAs) are 
different in different cells and even in the same cells in different moments. For that 
reason, when we want to sequence RNA we have to obtain the sample from the spe-
cific cells or tissues we want to evaluate. Something similar occurs in a special situa-
tion for DNA analysis: when we suspect the presence of a somatic mosaicism.

4.2.2.2  DNA/RNA Fragmentation
Our objective is to evaluate multiple fragments of either DNA or RNA in parallel, 
so that, we need to obtain those fragments. The size of the fragments is critical for 
the NGS process. The sequencers can be programmed to make reads of different 
lengths, usually ranging between 50 and 200 pair bases from each side of the frag-
ments. If the fragments are too small we will have too much overlap in the readings 
from each side, generating duplications in the reads and loosing sequencing capac-
ity. The subsequent alignment of the reads versus the reference sequence is also 
more difficult or even impossible if the fragments are too small. On the other side, 
if the fragments are too big they will not be appropriately captured.

We can do the fragmentation either by mechanical or enzymatic processes.
Mechanical fragmentation is performed using ultrasounds. The currently avail-

able machines are able to process up to 96 samples at the same time and may be 
programmed to generate fragments of variable size. The objective is to obtain over-
lapping fragments and one of the main advantages of mechanical fragmentation is 
that it is more random than the enzymatic processes. However, it is not completely 
random and biases dependent on sequence characteristics are one of the potential 
bases for variations in coverage between different regions [4]. Enzymatic fragmen-
tation is a faster and cheaper process than mechanical one. It is performed with 
restriction enzymes that are designed to break the DNA/RNA in multiple points 
trying also to get a random fragmentation.

4.2.2.3  Enrichment Technologies
When we perform NGS we can either evaluate the whole genome or to concentrate 
the analysis in those genomic regions we consider most relevant (we will comment on 
the advantages and disadvantages of both options in a subsequent section). Currently, 
most of the clinical studies use the second strategy and concentrate the sequencing in 
specific genomic regions. In those cases, we apply enrichment technologies in order 
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to increase the proportion of fragments of interest in the studied sample. These pro-
cesses increase the efficiency of the sequencing. As a comparison, if we want to make 
copies of the first and third chapters of one book, it is more efficient to extract those 
two chapters and copy them than to make copies of all the book and then select the 
two chapters of interest; especially if we have a limited amount of paper.

In order to select the fragments of interest, we have to generate a library of 
probes complementary to those regions. Commercial companies provide software 
that helps in the design process. Those probes are attached to molecules, such as 
biotin, that will be able to bind to a substrate, such as streptavidin, attached to mag-
netic beads. After the hybridization of the denaturalized DNA with the probes, the 
streptavidin coated magnetic beads are added, and the fragments of interest are 
captured with a magnet.

The fragments of interest will then undergo a process of amplification to obtain 
multiple copies of them. With some technologies, the DNA is introduced in a flow 
cell where the fragments are attached to the surface of a plate where they are repli-
cated to generate clones. Other systems do the amplification in solution.

Usually we will pool multiple samples in the amplification step, so that previous 
to the amplification, the fragments are hybridised with short tags of bases, which 
will allow the identification of the origin of each one of the fragments and their 
separation during the bioinformatics analysis.

4.2.2.4  Direct Amplification Technologies
Instead of capturing the fragments of interest, we can make a direct amplification of 
them. We have to design specific primers for the sequences of interest and perform 
polymerase chain reactions (PCRs) that result in the generation of the corresponding 
“amplicons”. Once we get those amplicons we continue with the ligation of the tag 
SNPs (for the identification of the origin of the samples prior to their mixing with 
amplicons from other cases) and the sequencing. These techniques of direct amplifi-
cation may be very cost-efficient when we want to sequence a relatively small number 
of fragments, but they are not usually the best option if we need to sequence multiple 
genes, because it may be very difficult to amplify many fragments in a joint reaction. 
Direct amplification techniques are also not appropriate when we want to analyse 
copy number variations through some of the available bioinformatics methods.

4.2.3  Sequencing Process and Equipment

After samples preparation has finished the individual or pooled samples have to be 
sequenced. As for today, there are two main commercial alternatives for next gen-
eration sequencing, Illumina technologies and Ion Torrent (Life Technologies) that 
use very different methods.

Ion Torrent uses a method called ion semiconductor sequencing. The DNA to be 
sequenced is deployed in a chip with multiple microwells, in a way that each microw-
ell will contain multiple copies of a single DNA fragment. Then, the four nucleotides 
are sequentially added to the chip in the presence of DNA polymerase. When the 

4 Genetic and Genomic Technologies



104

added nucleotide is complementary to the first base of the template sequence, it will 
be incorporated and it will generate the release of a single hydrogen ion. This ion 
produces a modification in the pH that is detected by the chip sensitive layer located 
beneath the microwells. The electronic signal is then transmitted to the computer that 
annotates that in that fragment it has been recorded the presence of the added nucleo-
tide. If there are consecutive repetitions of the same nucleotide in the sequence, the 
corresponding number of hydrogen molecules will be released and the detected signal 
should be proportional to the number of nucleotides. One of the main limitations of 
Ion Torrent technology is the lack of precision in the identification of the number of 
consecutive nucleotides when there are long homopolymers (repetitions of the same 
nucleotide) in the sequences. This gives place to the generation of a large number of 
false positive genetic variants (usually frameshift deletions or insertions) and a limited 
capacity for the detection of real variants in regions with homopolymers. The system 
has also a lower throughput as compared with Illumina technologies [5].

Illumina sequencers use a very different approach. Once the samples are pre-
pared and multiplexed, the first step of the sequencing is the cluster generation. 
First, DNA fragments are fixed to a flow cell where individual molecules are 
amplified to generate tens of millions of clusters of up to 1000 copies of each one 
of the fragments. The sequencing process involves the “visualization” of the 
nucleotides that are sequentially incorporated to each fragment, and in order to 
obtain the required signal is necessary to perform this amplification. Sequencing 
is performed with the successive addition of one of the four nucleotides in each 
cycle. Those nucleotides are fluorescently labelled and the label serves as termi-
nator of the polymerization. The incorporation of the added nucleotide generates 
a signal that is captured by the imaging system of the equipment only in those 
clusters where the available position in the sequence is complementary to that 
nucleotide. Then an enzyme cleaves the fluorescent label and another cycle can 
start. This system allows a very precise sequencing, including homopolymers, with 
a high throughput [6].

There are different Illumina machines with different capacities and precision. 
The smallest is MiniSeq, with a amaximum output of up to 7.5 Gb. One of the most 
popular machines is the MiSeq (output up to 15 Gb). The NextSeq may generate up 
to 120 Gb of data. The HiSeq 2500 may generate up to 1 Tb, and the NovaSeq up to 
3 Tb. There is an inverse relation between the size of the panels multiplied by the 
number of samples we study and the coverage we get, and it is important to use a 
machine with the adequate capacity in order to maximize the cost-efficiency of the 
tests.

4.2.4  Bioinformatics Analysis

Here we refer to the specific bioinformatics processes that allow the conversion of 
the data generated by the sequencers into the list of genetic variants present in the 
evaluated samples. We can differentiate the following steps:

L. Monserrat



105

4.2.4.1  Base Calling
Different algorithms are used to infer the nucleotide sequence of each one of the read 
fragments. The algorithms also provide a quality score for the calls. The result of this 
process is the generation of the “raw sequencing data”: a great number of small 
sequences associated with their qualities and other parameters.

4.2.4.2  Demultiplexing
It is performed when multiple samples have been pooled in the same run. Reading 
the tags that had been attached to the fragments the computer separates the sequences 
corresponding to each sample.

4.2.4.3  Alignment
Different software tools may be used to align the raw data against a known reference 
sequence. We will usually have problems that may require specific solutions with 
sequences for which it will not be possible to establish a univocal alignment, for 
example in repetitive sequences, regions that are homologous to other regions in the 
genome, or presence of structural variants that complicate the analysis.

4.2.4.4  Identification and Annotation of the Variants 
Present in the Sample

The identification consists in the determination of the variants present in the sample 
through the SNPs/Indel calling and the genotype calling. The SNP/Indel calling, 
localizes the genomic positions where there are differences versus the reference 
sequence. The genotype calling is the process that using probabilistic models assigns 
a genotype to each variant with a quality score indicating the confidence of this 
assignment. A high quality score means that the probability that the detected variant 
is not really present is very low, while low values suggest that it could be a false posi-
tive result.

One of the most relevant parameters in the variants identification is the coverage, 
which is the number of times that a position in the sequence has been read. A good 
coverage provides higher quality and confidence on the variants calling and 
identification.

4.2.4.5  Copy Number Variation Analysis
Different strategies can be used to identify copy number variations that may corre-
spond to big insertion or deletions: read-pair, split-read, de novo assembly and read 
depth and loss of heterozygosity.

4.2.4.6  Variants Annotation
It is the first step of the interpretation. Variants are classified according to the chromo-
some, gene, genomic region, type of variant (exonic, intronic, splicing, UTR, mis-
sense, non-sense, insertion/deletion, frameshift/non-frameshift), frequency in different 
populations, presence in public or private databases, and bioinformatics predictors. 
Once the variants have undergone this “automatic” annotation, we need to interpret 

4 Genetic and Genomic Technologies



106

their biological and clinical relevance, something that can also be considered as part 
of the bioinformatics processes.

4.3  The Interpretation of Next Generation Sequencing 
Results in Inherited Cardiovascular Conditions

NGS technologies have the capacity to analyse from individual mutations to hun-
dreds of genes or even the whole genome, generating a huge amount of genomic 
data. The progression of these technologies makes the generation of those data 
(genetic variants) easier and cheaper. While the cost of the sequencing becomes 
lower, the cost and effort required for the management and interpretation of these 
data becomes higher. As an example, in our studies of inherited cardiovascular dis-
eases, covering approximately 250 genes, we usually find more than 1000 different 
genetic variants per patient. We have to classify and give an accurate interpretation 
for each one of them. This interpretation is complex and requires a real multidisci-
plinary approach. We need good bioinformatics, molecular biologists and clinicians 
with expert knowledge of the genes and diseases we are evaluating, and we need 
tools that will help those experts to reach their conclusions in a reproducible and 
efficient way. In the next sections we will review the different aspects that should be 
covered in a good interpretation of the genetic results obtained from NGS studies.

4.3.1  Quality of the Results and Validation

NGS results are generated after a complex process of sample preparation, sequenc-
ing and bioinformatics. None of them is free of potential errors and limitations that 
depend on multiple parameters, including the quality of the sample, of the employed 
reactives, human errors, variability in the chemical reactions, number of samples 
that are multiplexed in the analysis (one of the main determinants of the coverage), 
quality and maintenance of the equipment (pipettes, sonicator, termociclers, PCR 
machines, sequencers…), variations in environmental conditions (temperature, 
humidity), and many other. One of the main sources of erroneous results arises from 
the probabilistic approaches that are used for variants´ annotation by bioinformatics 
software. It is usual that using the same raw data, different bioinformatics tools 
annotate different genetic variants. For all that reasons, one of the essential param-
eters that have to be considered in the annotation and interpretation of a genetic 
variant is its quality.

Variant callers always provide an individual estimation of the quality of the 
results.

We also have to consider other levels of “quality”. Some of the most relevant are 
related to the sensitivity, specificity, positive and negative predictive values of the 
test. These depend on the technical aspects of the sample’s preparation and sequenc-
ing, the quality of the design of the study, the quality of the bioinformatics process 
and the quality of the interpretation and reporting.
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4.3.2  Pathogenicity of the Identified Variants

Once we have correctly identified the genetic variants present in a given individual 
we need to establish the pathogenicity of each one of them. This is not an easy task 
and in many cases we will not reach a definitive conclusion.

We could define the “pathogenicity” of a genetic variant as the causal or predis-
posing relation between the presence of a given variant with the development of a 
particular disease. It is important to remember that the classification of a variant as 
pathogenic or likely pathogenic does not mean that all the carriers of that variant 
will invariable develop the related disease. We define as “penetrance” the proportion 
of carriers of a genetic variant that express the related disease at a given age. It is 
very easy to identify as pathogenic genetic variants with a high penetrance at a 
young age: most of the carriers show the disease and there are very few healthy car-
riers; but it may be extremely difficult to establish the pathogenicity of disease asso-
ciated variants with a low penetrance and incomplete clinical expression: we may 
find healthy carriers not only in affected families, but also in control populations.

Another aspect we need to consider is that disease expression may follow differ-
ent inheritance patterns. While in autosomal dominant conditions a pathogenic vari-
ant may be sufficient for disease expression, in autosomal recessive, or recessive 
X-linked diseases the problem will only appear when both alleles of the gene are 
mutated. So that, a recessive variant could be considered pathogenic in homozygous 
carriers but it would not behave as pathogenic in heterozygous ones.

Many genetic variants are not sufficient cause for disease development even in 
homozygous carriers, but may be predisposing or susceptibility factors that contrib-
ute in a significant way to disease expression. We usually do not label those variants 
as “pathogenic”, but as “risk factors” or “modifiers”. There are also many variants 
that instead of “pathogenic” are “protective” factors.

Taking into account the previous considerations lets comment the processes 
employed for the definition of the pathogenicity of the genetic variants.

We have to consider and integrate three different aspects: epidemiology, molecular 
biology and clinical information.

4.3.3  Epidemiological Information

The frequency of a pathogenic genetic variant should be higher in patients than in 
controls. If the penetrance of the variant is very high, the variant should not appear in 
healthy individuals. Variants that appear frequently in the general population (in more 
than 0.5–1% of the population, depending on the definitions) are traditionally called 
“polymorphisms”. Most polymorphisms are not pathogenic, and especially we would 
not expect that a polymorphism would explain the development of a very rare disease. 
However, polymorphisms may be predisposing factors for disease development, and 
some recessive pathogenic variants associated with the development of relatively rare 
diseases are not so rare in the general population (i.e. genetic variants associated with 
hemochromatosis or cystic fibrosis). Inherited cardiovascular diseases, such as 

4 Genetic and Genomic Technologies



108

hypertrophic cardiomyopathy or long QT syndrome are usually considered mono-
genic conditions caused by variants that are very rare in the general population (clas-
sically called “mutations” in opposition to the “polymorphisms”). However, in 
approximately 40% of the patients with hypertrophic cardiomyopathy and 20% of 
those with long QT we are currently not able to find a disease causing mutation, even 
studying hundreds or thousands of genes. In that cases it is possible that the mutation 
is located in deep intronic or regulatory regions that are usually not studied, but an 
alternative possibility is that in some of those patients the disease is secondary to the 
combination of several genetic variants that are present in the general population and 
are not sufficient to cause the disease in isolation. In conclusion, the presence of a 
genetic variant in control individuals does not completely exclude its pathogenicity: it 
may have incomplete penetrance, or it may be a contributing factor for disease devel-
opment. Only properly developed case control studies will be able to help us to solve 
this difficult situation.

To establish the frequency of a given variant in the general population we need 
to study a sufficient number of controls. In genetic studies published before the 
widespread use of NGS technologies the study of a number between 100 and 400 
controls were usually considered sufficient to discard the presence of the variant in 
controls. NGS has been fundamental to increase the number of controls that we 
generate and now it has become evident that those old numbers of controls were 
extremely low. A genetic variant that appears with a frequency of 1/1000  in the 
general population is not likely the cause of a disease like hypertrophic cardiomy-
opathy, which has a prevalence of 1/500 and may be caused by thousands of differ-
ent mutations. However, if that genetic variant shows incomplete penetrance, we 
cannot completely discard its contribution to the disease development. Currently 
there are public access databases that provide information about the frequency of 
genetic variants in different populations that facilitate the interpretation of the 
genetic testing, such as the Exome Aggregated Consortium Database [7].

4.3.4  Information Related to Molecular Biology

The study of the characteristics of a mutation from the molecular biology point of 
view is essential in the evaluation of its pathogenicity. We will consider aspects like 
the type of mutation, functional consequence of the mutation in terms of gain or loss 
of function, relevance of the regions and isoforms affected by the mutation, in-silico 
bioinformatics predictions of the effect of the mutation, functional studies and evi-
dence coming for the expression of the mutations in animal models [8].

4.3.4.1  Types of Mutations
We may define several types of mutations with different consequences. Firstly, we can 
distinguish between point mutations (change of a single nucleotide for other), small 
insertions or deletions (a few nucleotides are inserted or deleted from the sequence), 
big insertions or deletions (usually called “copy number variations), and structural 
abnormalities, including inversions, translocations, chromosomal rearrangements, 
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monosomies or trisomies. NGS sequencing is especially focused in the analysis of 
point mutations, small insertions or deletions and copy number variation analysis, and 
not in the evaluation of chromosomal abnormalities.

We may also distinguish between mutations affecting intronic or exonic regions. 
Exonic regions include the nucleotides that constitute the codons that generate the 
messenger RNA and finally the protein sequence. Introns are non-coding regions 
that are not translated into messenger RNA. However, mutations affecting introns 
may be deleterious, especially when they affect intronic regions involved in the 
splicing process that “cut and paste” the exons and remove the introns in the DNA 
transcription process. Those mutations that affect coding regions (exons) are more 
likely relevant than mutations affecting then non-coding/non-splicing intronic 
regions. However, even point mutations affecting non-splicing intronic regions may 
be pathogenic (for example creating alternative splice sites, or affecting regulatory 
regions, like the promoters) [9]. The splicing process is not only dependent on the 
intronic consensus sequences that are close to the exons, but also exonic nucleotides 
(usually the first and last ones of the exons) participate in the splicing processes.

So that, we may classify point mutations and small insertion/deletions in: 
intronic, intronic-splicing, exonic and exonic-splicing categories.

Amongst the exonic mutations we may have the following types:

 – Silent mutations: In these mutations there is a change in a nucleotide that does 
not cause a change in the corresponding amino acid. These mutations are usually 
non-pathogenic, but there are exceptions in cases where the mutation affects 
regions implicated in the DNA splicing process.

 – Nonsense mutations: Point mutations that cause the introduction of a stop codon 
that may result in a truncated RNA. This truncated RNA may generate a trun-
cated protein, or may be degraded, producing a decrease in the amount of avail-
able protein, which may produce what we call haploinsufficiency.

 – Missense mutations: The change in one nucleotide results in a change in the 
resulting amino acid.

 – Frame-shift mutations are caused by nucleotide insertions and or deletions that 
alter the reading frame of the sequence and may result in truncated (or abnor-
mally elongated) transcripts.

Intronic variants may consist on changes of one nucleotide, insertions or dele-
tions. When they occur in regions involved in the splicing process they may result in 
the generation of abnormal transcripts, with either loss of one or more exons, or the 
generation of a truncated RNA. Similar effects may happen due to intronic mutations 
affecting regions that are far from the “consensus splicing regions” in several circum-
stances. For example, when they create a new alternative splicing acceptor or donor. 
RNA splicing is a complex process that implies not only the sequences of the splic-
ing region, but also other regulatory sequences and the participation of different 
enzymes. It is also a “probabilistic” process, and depending on the efficiency of the 
signals, the splicing may generate different transcripts even under the same circum-
stances. Alternative splicing is the mechanism that allows the generation of different 
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protein isoforms from the same DNA sequence. Bioinformatics algorithms are used 
to try to predict the consequences of either intronic or exonic variants in the splicing 
process, but it is important to know that those predictions may be not accurate, and 
the demonstration of the real effect of splicing site mutations may require complex 
experiments.

4.3.4.2  Functional Consequences of the Mutations in Terms of Gain 
or Loss of Function

Loss of function mutations are those that produce a decrease in the function of the 
protein either because of a decrease in the amount of functional protein (usual 
mechanism of nonsense, frameshift and many splicing site mutations) or a decrease 
in the intrinsic activity of the protein, for example, a mutation that compromises the 
active site of a enzyme causing a diminution of its activity, or a mutation in a sarco-
meric gene, such as MYH7, that causes a decrease in the contractile force genera-
tion. On the contrary, examples of “gain of function” mutations are those that 
increase the activity of a transcription factor, or mutations that increase the perme-
ability and current generated through a cardiac channel. Loss of function mutations 
in the SCN5A gene are associated with a decrease in sodium currents and may 
cause Brugada syndrome, while gain of function mutations in the same gene delay 
its closure, causing prolonged sodium currents and are responsible for the develop-
ment of long QT syndrome type 3. The terms “gain” and “loss” of function may be 
a bit confusing, because both types of mutations provoke a loss of the “normal” 
function of the protein. To increase the complexity of the interpretation of these 
terms, the same mutation may produce both effects: for example there are SCN5A 
mutations that produce a decreased early opening of the channel (“loss of function” 
and Brugada pattern) and a delayed closure of the same channel (“gain of function” 
and long QT) [10]. In any case, depending on the particular function of the protein, 
one type of mutation may be either pathogenic or protective. For example, loss of 
function mutations in the LDLR gene, encoding the LDL receptor, are pathogenic 
and associated with familial hypercholesterolemia, because they decrease the LDL 
uptake and increase the circulating cholesterol levels; however, loss of function 
mutations in the PCSK9 gene are protective, because the function of the protein is 
to down-regulate the expression of the LDL receptors, so that, when we decrease the 
levels of PCSK9, we have more LDL receptors available and a protective effect due 
to the decrease in circulating LDL cholesterol.

4.3.4.3  Relevance of the Regions and Isoforms Affected by 
the Mutation

The effect of the mutations depends on the functional relevance of the affected 
region of the protein and mutations in critical points are more likely pathogenic than 
mutations in regions with less critical functions [11]. As we have commented, one 
single gene may generate different versions of the encoded protein, called isoforms. 
Some isoforms may be preferentially expressed in certain tissues or organs. A del-
eterious mutation may not have any effect in an organ where the predominantly 
expressed isoforms of the protein are not affected by that genetic variant. A 
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pathogenic effect is more likely when a mutation affects an amino acid that is highly 
conserved in homologous regions of different species and between different iso-
forms of the same protein, something we can evaluate comparing the sequences of 
different species.

4.3.4.4  Bioinformatics Studies
Bioinformatics programs that incorporate diverse algorithms provide calculations 
on the potential effects of the mutations in protein structure and function. Those 
programs evaluate multiple parameters, including the physicochemical differences 
in mass, charge, hydrophobicity and polarity between the original and the newly 
encoded amino acid. These parameters are combined with the characteristics of the 
affected protein regions. For example, change of charge is extremely important for 
mutations affecting amino acids involved in hydrogen bonds. Information about 
previous mutations described and structural data about the protein are also consid-
ered in those programs. There are also programs that estimate the likelihood that a 
mutation alters the splicing process. In any case, all the predictive software gives 
only indicative information and should not be considered sufficient to either confirm 
or discard the pathogenicity of a given variant.

4.3.4.5  Functional Studies and Animal Models
In vitro studies may provide very relevant information about the functional conse-
quences of a mutation. The mutations may be expressed in cellular models to evalu-
ate their consequences at cellular level. For example, we may study ion currents 
generated by the expression of mutated ion channels in cells. The study may also be 
done at a molecular level, for example through the evaluation of the velocities of 
contraction and relaxation in mutated myocardial filaments. The abnormalities gen-
erated by mutations in the splicing process may be studied by the expression of 
those mutations in mini-genes or in cellular models. Functional studies not only are 
used to evaluate the deleterious effects of mutations, but also the potential effect of 
different therapies.

The generation of transgenic animals with a given mutation may provide strong 
evidence about its pathogenicity. However, this approach is limited by the cost and 
difficulties to obtain those models and also because animals and humans have dif-
ferent genes, proteins and physiology, so that the consequences of a mutation in the 
animal and the human may be different.

4.4  Clinical Information

Clinical information is the essential part for the interpretation of the pathogenicity 
of genetic variants. A correct interpretation requires a good knowledge about the 
clinical manifestations, diagnostic criteria, differential diagnosis and heritability 
and pattern of inheritance associated with both the involved gene and the disease. 
We need information about the prevalence of the genetic variant in the general pop-
ulation, and in the particular sub-populations which the individual patient belongs 

4 Genetic and Genomic Technologies



112

to. We need also to know about the individual and environmental factors that may 
be key determinants for the expression of the disease in carriers of pathogenic vari-
ants. In general, the evaluation of the genotype-phenotype correlations, and co- 
segregation of genetic variants with disease expression is not a simple and one-way 
process, but it has to take into consideration multiple aspects. For that reason, spe-
cialized knowledge on the disease and genes we are evaluation are key for a correct 
interpretation.

If the mutation is related to disease development, its frequency in patients should 
be higher than in control populations. When the penetrance of the mutation, and its 
severity are high, we should not find that variant in controls. However, for mutations 
with milder effects and/or incomplete penetrance, or late clinical expression, we 
may find asymptomatic carriers amongst the control population, and in the patients´ 
families. The study of the cosegregation of the mutation with the disease expression 
within the family is one essential step in the interpretation of its pathogenicity and 
consequences. We always should remember that the presence of a genetic variant in 
two, three, four or even more affected members of the same family is not a definitive 
proof of its pathogenicity. Relatives from the same family may share many genetic 
factors, and just by chance they may share both the disease and a particular variant. 
However, when the number of affected carriers and unaffected non-carriers 
increases, the probability of a spurious association decreases, especially when more 
distant relatives are included. This is correct for mutations with an autosomal domi-
nant pattern of inheritance, but not for recessive conditions, where heterozygous 
carriers are usually not clinically affected. Different patterns of inheritance have to 
be considered when we evaluate the cosegregation of a variant with a particular 
condition.

Previous descriptions of the same or similar genetic variants should be registered 
and compared with the phenotype of our patients. When a variant appears in multi-
ple, and completely different phenotypes it may not be really associated with any of 
them. It is true that there are genetic variants that may show variable clinical expres-
sion, and generate overlapping phenotypes. The knowledge of the potential varia-
tions in the expression of pathogenic mutations in a given gene is very important in 
the evaluation of the cosegregation of variants with disease development, and to 
avoid false positive incidental associations.

4.4.1  Pre-Test and Post-Test Probabilities

The definition of the pathogenicity of a variant requires a probabilistic approach. As 
a consequence of the application of the Bayes theorem, the post-test probability of 
a genetic testing finding to be really associated with the disease we are studying or 
with other conditions (incidental findings) would depend on several pre-test 
probabilities:

 1. The pre-test probability of the patient to be affected by the condition: the prob-
ability of finding a disease causing mutation is higher when the patient is defini-
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tively affected by the disease we are looking for, and much lower if the patient is 
not clinically affected. Variants identified in healthy individuals have a lower 
probability of being pathogenic.

 2. The pre-test probability of an association between the genes we are testing and 
the patient’s disease: mutations in genes that have not been previously associated 
with the disease are less likely pathogenic. Genetic variants are more likely asso-
ciated with the corresponding disease when they are found in genes that have 
been convincingly linked to the condition. Genetic variants identified in genes 
previously associated with the disease we are testing have a higher probability of 
being pathogenic than variants in “novel” genes.

4.4.2  The Yield of the Tests

The probability of identifying one or more disease causing genetic variants that 
explain a particular inherited cardiovascular disease is highly variable and we could 
say that it never reaches 100%. For that reason, it is important to remember that a 
negative genetic testing does not exclude the presence of a genetic disease. Genetic 
testing laboratories are usually asked about the yield of their tests, and in our opin-
ion, the correct answer is “it depends…” It depends on the technical characteristics 
of the test, on the quality of bioinformatics analysis, on the interpretation of what is 
a “positive result”, and especially on the criteria for the selection of the tested indi-
viduals (their pre-test probability of having a genetic condition caused by the stud-
ied genes).

4.4.2.1  Relation Between Yield of the Test and Experiment Design: 
Panel, Exome or Whole Genome Sequencing?

The same inherited cardiovascular disease may be caused by mutations in different 
genes, and the most relevant advantage of next generation sequencing technologies 
versus the classical Sanger sequencing is its capacity to test many genes at the same 
time. The question is how many genes and which genes have to be tested in each 
patient. To get the maximum cost-benefit relation, we usually design libraries that 
allow the study of a panel of genes that includes at least the most frequent genes that 
have been unequivocally associated with the disease of interest. What we may call 
“basic panels”. The main advantages of basic panels including a limited number of 
genes are that the pre-test probability of a mutation in those genes to be associated 
with the disease is high, that usually most of the pathogenic mutations that we may 
find are included in those “major” genes, and that as the size of those panels is rela-
tively small, we can obtain a good coverage of the genes of interest even when we 
put in the same assay samples from multiple patients, which decreases the cost of 
the studies. This strategy of “basic” panels is of special interest when we use 
sequencers with the lowest capacity (for example if we use Illumina MiSeq instead 
of HiSeq), and it may be the only feasible strategy when we are doing the studies 
preparing the samples through direct amplification (amplicons), as it may be diffi-
cult to combine in the same design many genes.
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However, when we use “basic panels” it is not rare to get a negative result. In 
those cases we usually would like to have evaluated all those candidate genes or 
genes that are associated with the disease in a minority of the cases that are not 
included in a “basic” study. For example, in hypertrophic cardiomyopathy a typical 
basic panel includes between 3 and 25 genes, and there are extended panels that 
cover more than 100 genes. Many of the genes included in the extended panels have 
been related with the evaluated condition with low levels of evidence, but may be 
relevant for individual patients; and in some cases those genes turn out to be a rel-
evant cause for the disease in terms of frequency. As an example of this, the FLNC 
gene was included in by our group in the extended panels for hypertrophic, dilated, 
restrictive and arrhythmogenic cardiomyopathies, and in a “cardiomyopathy panel” 
after the description of a limited number of cases with an unspecified cardiomyopa-
thy in two families where FLNC mutations were associated with a skeletal myopa-
thy. After sequencing more than 2700 samples with different phenotypes, we 
discovered that truncating mutations in this gene are responsible for approximately 
4% of cases of idiopathic dilated cardiomyopathy, 3% of restrictive cardiomyopa-
thies, almost 4% of cases of arrhythmogenic cardiomyopathy, and a higher propor-
tion when we specifically evaluate patients with a diagnosis of arrhythmogenic left 
ventricular cardiomyopathy [12]. Now this gene is included in basic panels for those 
diseases. The difference between the cost of sequencing a basic and an extended 
panel is not very relevant, but there is a significant difference in the complexity and 
cost of the interpretation of the results. Incidental findings and variants of unknown 
significance are much more frequent with big panels, and it is very important to 
make a correct interpretation and avoid false positive diagnoses.

But even with the extended panels a relevant number of cases with a positive 
clinical diagnosis of an inherited (or potentially inherited) cardiovascular disease 
will have a negative result, considering as negative the absence of variants that 
explain the disease, including variants of uncertain significance with low probabil-
ity of being pathogenic. For that reason many experts and laboratories consider 
performing Exome sequencing instead or after sequencing a gene’s panel. Exome 
sequencing consists in the evaluation of the exonic and flanking intronic regions of 
all the genes (this would be a whole Exome sequencing) or of all the genes that are 
considered clinically relevant (for example what is called a clinical Exome). The 
advantage is clear: all the genes are evaluated. The disadvantages are very relevant 
for clinical application: lower coverage that usually results in the absence of full 
coverage of relevant regions in the main genes, and higher cost, both of sequencing 
and of interpretation. Currently, in our opinion, the advantage of covering genes of 
unknown relation with a particular condition using Exome sequencing does not 
provide any relevant advantage over the sequencing of a well designed panel, while 
it increases the probability of false negative results related to insufficient coverage 
of the main genes, and problems for the evaluation of copy number variations [1, 8]. 
However, Exome sequencing offers the possibility of identifying novel gene-disease 
association in the context of familial studies, through the evaluation of several 
affected and unaffected members of the same family. Finally, the evolution of Next 
Generation Sequencing technologies has made feasible to consider whole genome 
sequencing as a real alternative in clinical practice. In this case, we would not only 
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evaluate exons and flanking intronic regions, but also deep intronic regions (which 
in any case is not always possible) and genomic regions of still unknown signifi-
cance. We think that due to the complexity and cost of the interpretation, and the 
cost of sequencing, the role of genome sequencing is still limited to a research 
context.

4.4.2.2  Relation Between Yield of the Test and Clinical Pre-Test 
Probability of Finding a Disease Causing Mutation

It is something obvious, but usually not well understood, that the probability of 
identifying a disease causing mutation depends on the real presence of the condition 
we are evaluating. For example, if we are evaluating the presence of hypertrophic 
cardiomyopathy genes in young patients with a classical phenotype, the probability 
of finding a disease causing mutation is high, while if we are evaluating elderly 
hypertensive patients with a borderline diagnosis of HCM, the pretest probability of 
finding a pathogenic mutation in a sarcomeric gene is very low. At the same time, 
for any given mutation of uncertain significance we may find, it is more likely that 
the mutation is pathogenic when it is found in the first case (typical presentation and 
certain clinical diagnosis) than in the second (low pre-test probability). The indica-
tion for genetic testing is stronger in cases with high pre-test probability, where the 
identification of the disease causing mutation is more likely and the test will likely 
provide relevant information for the management of the patient and his/her rela-
tives. However, the test is usually also useful in patients with intermediate or lower 
pre-test probability, where the identification of a pathogenic mutation may allow a 
diagnosis that is not clear in the clinical evaluation. In Fig. 4.2 we propose an algo-
rithm for the indication of genetic testing in patients with inherited cardiovascular 
diseases that is based in the previous considerations.

Suspected inherited
cardiovacular disease 

Clinical study
Family history with a complete pedigree
Personal antecedents
Symptoms and physical examination
ECG. Imaging, Blood analysis. Other specific tests

Definitive diagnosis of a
particular inherited CV disease Uncertain diagnosis and

posible inherited CV disease 

Clear indication for genetic
study. It requires genetic

counselling and written nformed
consent

Optimal yield for the test 

Is there any non-genetic cause that may explain the disease?

NO YES

Family history suggests an inherited disease
and/or major events in the patient and/or close

relatives, and/or the suspicion of a genetic
condition is high, and/or young individual

practicing sport or risk activities

Genetic study is likely indicated. It requires genetic
counselling and informed consent. The yield of the  

test is lower than in cases with a definitive
diagnosis of a genetically determined condition

Genetic study is most
likely not-indicated.
Low yied and cost-

benefit for an eventual
test.

No familial disease, no major
events in the patients and/or in
relatives, and the suspicion of
genetic condition is low, and

there are no other specific risk
markers or reasons for the

genetic study

Cardiomyopathies

Hypertrophic (HCM)
Dilated (DCM)

Restrictive (RCM)
LV non-compaction (LVNC)

Arrhythmogenic (ACM)
Rare diseases with CM

Channelopathies Aortic/vascular diseases Familial Dyslipidemias

Long QT syndrome (LQT)
Short QT syndrome (SQT)

Brugada syndrome
Catecholaminergi PVT

Idiopathic conduction (ICCD)
Idiopathic VF. SADS. SUDS

Marfan syndrome
Loeys-Dietz syndrome
Ehler-Danlos syndrome
Aneurysm-osteoarthritis

Idiopathic TAAD
Pulmonary HT and other rare

Familial hypercholesterolemia
Hypertriglyceridemias
Mixed hiperlipidemias

Hypolipidemias
Premature-familial

atherosclerosis

Fig. 4.2 Algorithm for the indication of genetic testing in patients with inherited cardiovascular 
diseases
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4.4.3  From Diagnosis to Prognosis

The objective of genetic testing in clinical practice is not to find one or several 
pathogenic genetic variants, but to provide information useful for the clinical man-
agement of the patient and the affected families. For that reason, it is not sufficient 
with the classification of the identified variants according to their pathogenicity. 
Whenever we find a variant that is considered relevant we should try to answer sev-
eral additional questions:

 1. Do the identified variants explain the patient’s phenotype?
 2. Do they explain the phenotypes identified in the family?
 3. What are the expected clinical manifestations of the disease and its prognosis?

The first two questions are related to the value of genetic testing for disease early 
diagnosis and confirmation of a previous clinical diagnosis. There is general con-
sensus with respect to the value of genetic testing in this aspect. On the contrary, 
many experts consider that currently, the identification of a genetic mutation does 
not have prognostic implications, except for some particular genes (for example 
LMNA in dilated cardiomyopathy patients) or mutations. This opinion is based in 
the concept that the expression of the mutations is highly variable between families 
and even within members of the same family, and in the lack of reproducibility of 
previously established genotype-prognosis correlations. In our opinion, the relation 
between mutations and prognosis could be consider equivalent to the well estab-
lished relation between individual viruses or bacteria and the prognosis of the 
related diseases. No one expects that through the description of a very small number 
of patients affected by a particular virus we can establish the exact clinical course 
and prognosis of an individual patient, but any clinician or biologist understand that 
through the evaluation of a sufficient number of patients we may be able to under-
stand the natural history of the disease and its prognosis, to better identify individual 
clinical predictors of risk, and to guide the clinical follow up and management of the 
affected patients. It is interesting to remember that viral diseases are also “geneti-
cally determined” conditions. The viral genome suffers mutations that results in 
variations of the virus pathogenicity that we are used to evaluate and consider in the 
prognostic evaluation of our patients.

The major limitation for the use of genetic testing results in the prognostic evalu-
ation of patients with inherited cardiovascular diseases is the lack of clinical details 
about the affected patients and families. In many instances, in the more prestigious 
publications, information about functional studies or animal models is considered 
more relevant than the publication of the clinical details of the identified patients. 
And the lack of clinical data on the identified patients is the major limitation of most 
of the available databases. However, even with these limitations in many of the avail-
able information sources, our group and others have shown that the systematic col-
lection of data from reported patients and families allow identifying relevant 
genotype-phenotype-prognosis correlations [1, 8, 12, 13]. The collaboration of 
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clinicians, molecular biologists and bioinformatics supported by knowledge man-
agement systems is the key for the development of an efficient personalized medicine 
in this new era of genetics powered by Next Generation Sequencing technologies.
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5Pharmacogenetics 
and Pharmacogenomics 
in Cardiovascular Medicine and Surgery

Richard Myles Turner and Sir Munir Pirmohamed

Abstract
Cardiovascular disease is a principal cause of global morbidity and mortality. 
Multiple drugs are used clinically to improve the population-level prognosis of car-
diovascular conditions. However, there is a noticeable difference in the response 
of individual patients to a given drug, observed in both intermediate phenotypes 
(e.g. platelet function tests) and clinical outcomes. The aetiology underlying this 
drug response interindividual variation is multifactorial, incompletely understood, 
but is comprised from demographic, clinical, environmental and genetic factors. 
Pharmacogenomics aims to understand the genomic determinants of drug response, 
and to translate findings into clinical practice to reduce adverse drug reactions and/
or improve drug effectiveness through genotype-informed dose and/or drug selec-
tion. Pharmacogenomic associations have been implemented for a few drugs after 
they have been licensed (e.g. abacavir in HIV disease), and there is a growing array 
of newly developed therapeutics that require a genomic companion diagnostic test, 
particularly in oncology. However, pharmacogenomics is yet to be adopted into 
widespread cardiovascular clinical practice. Several obstacles, including evidential, 
logistical, financial, and knowledge-based, have been identified. Nevertheless, sub-
stantive progress has been made, and early adopter sites are pioneering cardiovascu-
lar pharmacogenomics in practice. There is an undeniable large genomic influence 
affecting warfarin response, and strong evidence of pharmacogenomic associa-
tions with simvastatin myopathy, and stent thrombosis on clopidogrel. Variants that 
modulate responses to beta blockers, antiarrhythmics and angiotensin-converting 
enzyme inhibitors are also being identified. The integration of genomics into sys-
tems pharmacology approaches may further resolve interindividual drug response 
variability; the prospects are good, but the challenges are prodigious.
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5.1  Introduction

Cardiovascular disease (CVD) is the leading cause of death, responsible for 30% of 
all deaths worldwide [1]; CVD currently accounts for ~17.5 million deaths 
per  annum [1], and this is projected to extend to >23.6 million by 2030 [2]. 
Disability-adjusted life years (DALYs) measure overall disease burden by integrat-
ing mortality and morbidity measures into a single metric, and CVD underlies ~10–
18% of all DALYs lost [2]. By 2020, global medicine use and spending will likely 
reach 4.5 trillion doses and $1.4 trillion, respectively [3]; CVD drugs account for 
~13% of this global pharmaceutical spending [4, 5].

Underlying this huge spend on drugs for disease is a notable interindividual het-
erogeneity in drug response; just 50–75% of patients respond beneficially to the first 
drug offered in the treatment of a broad range of diseases [6], 6.5% of hospital 
admissions are related to an adverse drug reaction (ADR) [7], and 14.7% of inpa-
tients experience an ADR [8]. The World Health Organisation definition of an ADR 
is: “a response to a drug which is noxious and unintended, and which occurs at 
doses normally used in man for the prophylaxis, diagnosis, or therapy of disease, or 
for the modification of physiological function” [9]. Understanding and overcoming 
this heterogeneity in drug response would improve clinical outcomes and lead to 
major savings for all healthcare systems.

The reasons for the interindividual variability are manifold, incompletely under-
stood and vary between drugs. However, sources of this variability include demo-
graphic (e.g. age, sex), clinical (e.g. liver and renal impairment, adherence, 
heterogeneity in underlying disease mechanisms), environmental (e.g. smoking, 
alcohol) and genetic factors. Pharmacogenomics is the study of the genetic determi-
nants of drug response. Pharmacogenomics aims to improve drug effectiveness and 
reduce ADRs through incorporating genotype information into dose and/or drug 
selection prescribing decisions, and is integral therefore in the drive for Precision 
Medicine. Technological and statistical advances have fuelled a rapid development 
in the conduct of pharmacogenomic investigations, which have evolved from candi-
date gene studies, to non-hypothesis driven genome-wide association studies 
(GWAS’), through to the emergence of next-generation sequencing (NGS) high-
throughput platforms for whole exome and increasingly whole genome sequencing 
(Fig. 5.1). As a result of this intensive research, the US Food and Drug Administration 
(FDA)-approved drug labels for over 160 drugs now contain pharmacogenomic 
information [10].

It has been broadly anticipated that pharmacogenomics will be one of the first 
translational successes of the ‘post-genomics’ era, but notwithstanding a few nota-
ble exceptions, pharmacogenomics research has yet to be translated into widespread 
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clinical care. These exceptions include: companion testing for the human leukocyte 
antigen (HLA)-B*57:01 with the antiretroviral, abacavir, to avoid abacavir hyper-
sensitivity syndrome [11]; and prescribing ivacaftor in patients with the cystic fibro-
sis transmembrane conductance regulator (CFTR) G551D mutation and the 
ivacaftor/lumacaftor combination in those with the common CFTR F508del variant. 
Furthermore, an increasing number of targeted anticancer drugs with therapeutic 
activity restricted to patients harbouring specific tumour gene variants are being 
licensed. These include crizotinib in non-small cell lung cancers carrying oncogenic 
anaplastic lymphoma kinase (ALK) gene rearrangements, and both vemurafenib and 
the dabrafenib/trametinib combination in V600E and V600E/K proto-oncogene 
B-Raf (BRAF)-positive advanced melanoma patients, respectively.

Several barriers obstructing widespread implementation of pharmacogenomics 
exist, including evidential, logistical, financial and the contemporary pharmacoge-
nomics knowledge base of healthcare professionals [12]. Importantly, challenges to 
developing a sufficient research evidence base have included small underpowered 
studies leading to conflicting results, insufficient regard for the impact of ethnicity 
on pharmacogenomics, and the multifactorial nature of interindividual drug response 
variability. However, progress in these areas is being made. Notably, systems phar-
macology is emerging as a potential approach, which combines systems biology 
and pharmacometrics [13]. Systems pharmacology recognises the necessity but 
insufficiency of pharmacogenomics alone to account for the observed variability of 

Genome-wide
association
studies
2000s

Candidate
gene studies
1900s

Next-
generation
sequencing
studies
2010s

Multi-
omics

Envirome

Clinical
drug

response

Pharmacometrics

Systems Pharmacology?

Fig. 5.1 The evolution of pharmacogenomic investigations. With continued technological and 
bioanalytical developments, systems pharmacology studies may increasingly occur. Systems phar-
macology encompasses both systems biology and quantitative pharmacometrics approaches. The 
systems biology studies will integrate genomic data with data from other biological levels (e.g. the 
epigenome, transcriptome, proteome, metabolome, tissue and organ systems) and environmental 
factors to identify novel factors associated with drug response. These factors will be combined into 
pharmacometrics models; subsequent simulation predictions will inform further empirical investi-
gations, leading to iterative model development. It is hoped that systems pharmacology approaches 
will produce sufficiently detailed, but not unduly burdensome, models to adequately parse interin-
dividual variability in drug response for clinical application.
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many drugs. Systems pharmacology has the potential to integrate clinical outcomes 
data with multi-omics patient-derived data at genomic, epigenomic, transcriptomic, 
proteomic, metabolomic and/or organ system levels, to identify novel drug response 
factors. These factors will be incorporated into pharmacometrics models; subse-
quent model predictions will shape further experimental studies and lead to iterative 
model development to further parse interindividual drug response variability 
(Fig. 5.1). However, whilst systems pharmacology is highly promising, it remains 
nascent. Therefore, this chapter focuses on pharmacogenomics, although some 
exemplars of non-genomic biomarkers are also included.

A second challenge facing pharmacogenomics implementation is ‘genetic 
exceptionalism [14],’ whereby the evidence threshold for clinical uptake required 
for a drug-genotype association appears to be higher than for clinically accepted 
factors that perturb drug activity, such as renal impairment, even if the mag-
nitudes of effect (e.g. on systemic drug exposure) are equivalent. This barrier 
appears particularly pronounced in cardiology, where practice-changing results 
are expected to come from randomized controlled trials (RCTs) and meta-analy-
ses of RCTs, which represent the highest tiers of the evidence hierarchy. Whilst 
striving for evidence from RCTs is highly commendable in general, treating all 
interventions the same irrespective of their benefit: risk profiles appears sub-
optimal. It is clear that a consensus pharmacogenomics evidence threshold is 
required, because conducting an RCT for every drug-gene associations is unfea-
sible. However intuitively, the evidence base for a dose-modifying pharmacoge-
nomic variant should not need to be the same as a genetic test associated with 
life changing surgery (e.g. known deleterious BRCA variants and prophylactic 
mastectomy/salpingo-oophorectomy).

Finally, it should also be noted that the rate of recent cardiovascular drug devel-
opment has been slow compared to oncology. Therefore, the majority of cardiovas-
cular drug pharmacogenomic studies have focussed on licensed drugs, and changing 
entrenched clinical practices represents an additional hurdle to cardiovascular phar-
macogenomics implementation.

Nevertheless, over the last decade meaningful advances in cardiovascular phar-
macogenomics have been made. Therefore, this chapter provides an overview of 
contemporary cardiovascular pharmacogenomics in relation to warfarin, statins, 
antiplatelet drugs, beta blockers (βBs), antiarrhythmics and angiotensin-converting 
enzyme (ACE) inhibitors (ACEIs). Points for consideration include:

• The impact of pharmacogenomics on the effectiveness and/or safety of cardio-
vascular drugs;

• The impact of specific variants on drug pharmacokinetics (PK) or pharmacody-
namics (PD), and an appreciation that the function of several associated variants 
remain uncertain;

• The current variable evidence base underlying specific drug-genotype 
associations.

Simple clinical cases are provided to illustrate some of the healthcare contexts 
that could benefit from cardiovascular pharmacogenomics.
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5.2  Warfarin

5.2.1  Case Study

A 66-year old lean Caucasian woman visits her general practitioner (GP) with a two-
month history of intermittent palpitations. She has a background of hypercholesterol-
emia and controlled hypertension, and takes atorvastatin 20 mg daily and amlodipine 
10 mg daily. She drinks 20 units of alcohol per week. Electrocardiography (ECG) 
confirms atrial fibrillation (AF). Routine electrolyte and thyroid tests are normal, 
and an outpatient echocardiogram is arranged. She is commenced on rate control 
with bisoprolol 5 mg daily, and her GP initiates warfarin (CHA2DS2-VASc score of 
three, HAS-BLED score of two) with a loading dose regimen (10 mg, 10 mg and 
5 mg on days one, two and three). On day four, her international normalized ratio 
(INR) is 7.4. She complains of purpura on her forearms, one episode of epistaxis, 
and is concerned and disheartened by these side effects.

5.2.2  Overview

Warfarin was initially developed as a rodenticide, but was approved for anticoagulant 
use in 1954. Warfarin is a coumarin-derived drug administered orally as a racemate; 
S-warfarin is 2–5× more potent than the R-warfarin enantiomer [15]. Warfarin inhibits 
the hepatic vitamin K cycle, which impairs post-translational γ-carboxylation leading 
to hypofunctional clotting factors II, VII, IX, X and proteins C and S (Fig. 5.2). The 
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Fig. 5.2 An overview of the mechanism of action and metabolism of warfarin. Adapted from 
Wadelius et  al. [58]. CALU calumenin, CYP cytochrome P450, EPHX1 epoxide hydrolase 1, 
GGCX gamma-glutamyl carboxylase, NQO1 NAD(P)H dehydrogenase (quinone) 1, VKORC1 
vitamin K epoxide reductase

5 Pharmacogenetics and Pharmacogenomics in Cardiovascular Medicine and Surgery



124

degree of anticoagulation is reported as the INR, which is derived from the prothrom-
bin time (PT) assay of the extrinsic pathway of anticoagulation. Warfarin is indicated 
in the prophylaxis and treatment of thromboembolism; most conditions (e.g. AF, 
venous thromboembolism (VTE)) require a target INR of 2.0–3.0, but a higher range is 
indicated following a mechanical mitral valve implantation (e.g. 2.5–3.5). For the 2.0–
3.0 INR range, there is a ~40-fold interindividual variation in warfarin stable dose 
(WSD) requirements, ranging from 0.6 to 15.5 mg/day [16]. Clinical factors that affect 
response to the first warfarin dose include, age, sex, ethnicity, body mass index (BMI), 
smoking, co-mediations and warfarin adherence [15, 17–19]. Patients typically spend 
just ~45–63% of the time within the therapeutic range (TTR) [20, 21]; elevated INRs 
increase the risk of warfarin-associated bleeding (as in the clinical case) [22] and a 10% 
increase in time outside the TTR is associated with increased thromboembolic events 
and mortality [23]. Therefore, given its widespread use, narrow therapeutic range, the 
multifactorial aetiology of its varying activity, and serious type A bleeding/thrombosis 
ADRs, warfarin is the leading cause of preventable ADRs, and a priority for precision 
medicine. Multiple validated and candidate warfarin pharmacogenomics variants have 
been identified (Table 5.1).

5.2.2.1  VKORC1
VKORC1 encodes vitamin K epoxide reductase (VKORC1), the rate limiting 
enzyme in the vitamin K cycle and the on-target for warfarin inhibition (Fig. 5.2). 
A common VKORC1 single nucleotide polymorphism (SNP) is rs9923231 
(-1639G>A; G3673A). The -1639A allele frequency is ~13% and ~40% in 
Africa-American and Caucasian populations, respectively. However, it is ~90% 
in Asian populations, indicating minor allele reversal. Carrying -1639A has 
been associated with reduced WSD requirements to maintain a therapeutic INR 
[24] and over-anticoagulation [25], but not with bleeding [25]. rs9923231 is 
located in the VKORC1 promoter region, alters a transcription factor binding 
site, and is associated with decreased VKORC1 expression [26]. Importantly, 
rs9923231 accounts for ~20–25% of observed WSD variation in Asian and 
Caucasian populations, but only ~6% in Africa-Americans [14] perhaps due to 
the lower frequency of -1639A and/or larger contribution of other factors (dis-
cussed below). Interestingly, a targeted re-sequencing study in African-American 
patients demonstrated that the minor allele of a novel VKORC1 SNP, rs61162043, 
is associated with increased WSD [27]. Furthermore, rare VKORC1 variants, 
such as rs61742245 (D36Y), have been linked to warfarin resistance and much 
higher WSD requirements [28].

The expression of VKORC1 is under epigenetic regulation. VKORC1 contains a 
conserved binding site for the micro-RNA, miR-133a [29]; miR-133a can interact 
with VKORC1 mRNA to decrease VKORC1 mRNA dose-dependently and so human 
hepatic levels of miR-133a and VKORC1 mRNA are inversely correlated [30]. 
Interestingly, patients carrying the minor A allele of rs45547937 (G>A) within 
MIR133A2 were found to have significantly higher WSD requirements than wild-
type patients [29], but this is one study and needs replicating.
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Table 5.1 Anticoagulant pharmacogenomics and clinical outcomes

Clinical 
outcome Study Ethnicity

Locus/
gene Variant(s) Effecta References

Warfarin
Replicated variants
Dose 
requirement

MA AA, A, C VKORC1 -1639G>A AA vs. GG: 
~2–3 mg/day 
reduction

[32, 38]

TarSeq AA rs61162043 
(-8191A>G)

Per minor allele: 
~0.8 mg/day increase

[27]

MA C CYP2C9 *2 *1/*2 vs. *1/*1: 
~1 mg/day reduction

[32]

*2/*2 vs. *1/*1: 
~1.5 mg/day 
reduction

[32]

MA AA, A,C *3 *1/*3 vs. *1/*1: 
~1.5 mg/day 
reduction

[32, 38]

*3/*3 vs. *1/*1: 
~2.5 mg/day 
reduction

[32]

CG AA *8 *8 carriers vs. *1/*1: 
~1 mg/day reduction

[35, 36, 38, 
294, 295]

TarSeq AA rs7089580 
(2313A>T)

Per T allele: ~0.5 mg/
day increase

[27]

GWAS A, C CYP4F2 1297G>A 
(V433M)

A allele carriers vs. 
GG: ~0.2 mg/day 
increase

[40, 41]

GWAS AA CYP2C 
cluster

rs12777823 
(G>A)

AG vs. GG: ~1 mg/
day reduction

[39]

AA vs. GG: ~1.5 mg/
day reduction

[39]

ES AA FPGS rs7856096 
(A>G)

AG: ~1 mg/day 
reduction

[45]

GG: ~1.5 mg/day 
reduction

[45]

CG AA CALU rs339097 
(A>G)

A allele carriers vs. 
GG: ~1 mg/day 
increase

[38, 46]

Bleeding MA AA, A, C CYP2C9 *3 *1/*3 vs. *1/*1: HR 
2.05 (95% CI 1.36, 
3.10)

[25]

*3/*3 vs. *1/*1: HR 
4.87 (95% CI 1.38, 
17.14)

[25]

Over-
anticoagulation 
(INR>4)

MA AA, A, C CYP2C9 *2 *2 vs. *1: HR 1.52 
(95% CI 1.11, 2.09)

[25]

*3 *3 vs. *1: HR 2.37 
(95% CI 1.46, 3.83)

[25]

MA AA, A, C VKORC1 -1639G>A GA vs. GG: HR 1.49 
(95% CI 1.15, 1.92)

[25]

(continued)
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Clinical 
outcome Study Ethnicity

Locus/
gene Variant(s) Effecta References

Candidate genes/variants
Dose 
requirement

CG AA CYP2C9 *6 *6 carriers vs. *1/*1: 
~23%/week reduction

[38]

CG AA *5, *6, *11 *2, *3, *5, *6 or *11 
carriers vs. *1/*1: 
~1 mg/day reduction

[35]

CG A (Korean) c-MYC rs4645974 
(C>T)
rs4645943 
(C>T)

rs4645974 T carriers 
vs. CC: ~0.5–1 mg/
day decrease
rs4645943 T carriers 
vs. CC: ~0.5 mg/day 
increase

[51]

GWAS C DDHD1 rs17126068 Minor allele: 0.8 mg/
week reduction 
(square root scale)

[59]

CG A (Han 
Chinese)

EPHX1 rs1877724 
(C>T)

TT vs. CC: ~0.3 mg/
day decrease

[52]

CG A (Korean) GATA4 rs867858 
(G>T) + 
rs10090884 
(A>C)

GG/AA vs. all other 
genotype 
combinations: ~1 mg/
day reduction

[53]

rs2645400 
(G>T) + 
rs4841588 
(G>T)

GG/GT,TT vs. all 
other genotype 
combinations: ~2 mg/
day reduction

[53]

GWAS C NEDD4 rs2288344 
(A>C)

Per minor (C) allele: 
0.2 mg/week increase 
(square root scale)

[59]

CG A (Korean) NQO1 rs10517 
(C>T)

rs105R 17 T carriers 
vs. CC: ~0.4 mg/day 
increase

[54]

CG A (Chinese) ORM1 rs17650 
(*F1>*S)

*S/*F1 vs. *F1/*F1: 
~0.3 mg/day decrease
*S/*S vs. *F1/*F1: 
~0.5 mg/day decrease

[55]

CG A (Han 
Chinese)

POR *37 (C>T) T carriers vs. CC: 
~0.4 mg/day increase

[56]

CG C POR rs2868177
-173C>A
-208C>T

rs2868177 (additive): 
~0.3 mg/day increase
173 CA vs. CC: 
~0.7 mg/day decrease
208C>T (additive): 
~0.5 mg/day decrease

[57]

CG A (Han 
Chinese)

PROC rs5936 
(T>G)

GG vs. TT: ~0.5 mg/
day decrease

[52]

CG C rs2069919 
(G>A)

Accounted for 9% of 
observed warfarin 
dose variability

[58]

Table 5.1 (continued)
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5.2.3  Cytochrome P450

5.2.3.1  CYP2C9
Cytochrome P450 (CYP) 2C9 (CYP2C9) metabolises the more potent S-warfarin 
enantiomer. CYP2C9*2 and *3 represent non-synonymous reduction-of-function 
(ROF) variants with minor allele frequencies (MAFs) in Caucasians of 13% and 
7%, respectively. CYP2C9*3 is rare (MAF 4%) in Asians and *2 very rare, whilst 
both are rare or absent in African populations (MAFs of 0–3.6% for *2, and 0.3–2% 
for *3) [12]. CYP2C9*2 and *3 reduce S-warfarin metabolism by ~30–40% and 
~80–90% [31], respectively, prolong S-warfarin half-life, reduce WSD require-
ments and explain ~15% of WSD variability in Caucasians [17]. They are associ-
ated with over-anticoagulation, and importantly *3 is associated with bleeding [25, 
32]. The hazard ratios (HRs) for bleeding determined by meta-analysis for *1/*3 
and *3/*3 patients, compared to wild-type *1/*1 patients, were 2.05 (95% confi-
dence interval (CI) 1.36, 3.10) and 4.87 (95% CI 1.38, 17.14), respectively, indicat-
ing a gene-dose effect [25]. Therefore, it is plausible that the lady in the clinical case 
carried CYP2C9*3  ±  VKORC1 -1639A alleles. Interestingly, a drug-drug-gene 
interaction has been identified; concomitant simvastatin has little impact on WSD in 
CYP2C9 *1/*1 patients, but in *1/*3 patients, simvastatin was associated with a 
further ~21% reduction in WSD, and a suggestive gene-dose trend was evident [33].

In African populations CYP2C9*5, *6, *8 and *11 are prevalent, with a col-
lective frequency of ~20% [34]. CYP2C9*5, *8 and *11 represent ROF variants; 
*6 is a single exonic nucleotide deletion that results in a frame shift and loss of 
function [34]. In African-Americans, CYP2C9*8 is the most common haplotype 
[35, 36] and is associated with both a 30% reduction in S-warfarin clearance [37] 
and lower WSD requirements [35, 38]. Similarly, CYP2C9*6 alone [38], 
CYP2C9*11 alone [39], and CYP2C9*2, *3, *5, *6 and *11 collectively [35], are 

Clinical 
outcome Study Ethnicity

Locus/
gene Variant(s) Effecta References

TTR GWAS C ASPH rs4379440 
(C>A)

Decrease TTR by 
6.8% (95% CI 
4.4–9.3%) per minor 
allele

[59]

Dabigatran
Bleeding GWAS C CES1 rs2244613 

(C>A)
Per minor (A) allele:
Any bleeding: OR 
0.67 (95% CI 0.55, 
0.82) (p = 7 × 10−5)
Major bleeding: OR 
0.66 (95% CI 0.43, 
1.01) (NS)

[64]

A Asian (in ethnicity column), AA African American, C Caucasian (in ethnicity column), CG can-
didate gene study, GWAS genome-wide association study, HR hazard ratio, INR international nor-
malized ratio, MA meta-analysis, NS not statistically significant, OR odds ratio, TarSeq targeted 
re-sequencing, TTR time in therapeutic range
aAll effects are statistically significant unless otherwise stated

Table 5.1 (continued)
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associated with decreased WSD. Targeted re-sequencing has also reported that 
African-American patients carrying the CYP2C9 novel SNP, rs7089580, require 
a modestly higher WSD [27].

5.2.3.2  CYP4F2
GWA-studies that adjusted for VKORC1 and CYP2C9 have identified the minor 
allele of rs2108622 (1297G>A, V433M) to be associated with increased WSD in 
Asian [40] and Caucasian [41] patients, explaining ~1–7% of WSD variability [40–
42]. CYP4F2 removes active (reduced) vitamin K from the vitamin K cycle, and 
rs2108622 A allele correlates with lower hepatic CYP4F2 [43]. In African-American 
patients however, CYP4F2 rs2108622 has not been associated with WSD [39, 44].

5.2.4  Other Warfarin Pharmacogenomic Genes

In African-American patients, variants in additional genes associated with WSD 
have been identified and replicated, including within the CYP2C gene cluster, in 
FPGS and in CALU:

 1. rs12777823 (G>A) is a novel noncoding SNP located upstream of CYP2C18 
within the CYP2C cluster, which was identified in a recent GWAS and reported 
to be independent of known CYP2C9 variants [39]. The minor rs12777823 A 
allele was associated with reduced WSD requirements. Interestingly, although 
rs12777823 is present in other ethnicities, it has only been linked to WSD in 
African-Americans. This suggests it is in linkage disequilibrium (LD) with an 
African-specific as-yet unidentified causal variant [39].

 2. rs7856096 (A>G) is a population-specific regulatory SNP in folylpolyglutamate syn-
thase (FPGS), which is a gene encoding a mitochondrial enzyme involved in folate 
sequestration. rs7856096 was identified by comparing the exome sequences of 
African-American patients with extremely high or low WSD requirements [45]. The 
rs7856096 G allele is associated with reduced FPGS expression and lower WSD [45]. 
However, the role of folate homeostasis in warfarin response is currently unknown.

 3. rs339097 (A>G) is an intronic variant in CALU, and the minor G allele is associated 
with increased WSD [38, 46]. CALU encodes the molecular chaperone calumenin, 
and is thought to regulate the vitamin K gamma-carboxylation system [46–48]. The 
impact of CALU variation in Caucasian patients remains unresolved [49].

Several candidate associations with WSD have also been identified (Table  5.1). 
These include variants in GGCX [50], c-MYC [51], EPHX1 [52], GATA4 [53], NQO1 
[54], ORM1 [55], POR [56, 57] and PROC [52, 58]. In addition, a recent GWAS has 
identified novel associations between WSD and variation in DDHD1 (rs17126068) and 
NEDD4 (rs2288344) [59]. DDHD1 encodes DDHD domain containing 1 protein, 
NEDD4 encodes an E3-ubiquitin ligase, and both explained an additional ~1% of the 
observed WSD variability [59]. Furthermore, the first GWAS to investigate warfarin 
TTR identified rs4379440 (C>A) within ASPH (encoding aspartate beta-hydroxylase), 
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which was associated with reduced TTR (-6.8% per minor allele) [59]. Interestingly, an 
association between circulating levels of miR-548a-3p and warfarin dose variability 
has also been recently identified, and coagulation pathway genes are associated with 
miR-548a-3p [60]. These candidate findings require replication.

5.2.5  Direct-Acting Oral Anticoagulants

The last eight years have seen the emergence of direct-acting oral anticoagulants 
(DOACs) as warfarin alternatives, and there has been a rapid increase in DOAC 
prescribing. DOACs reversibly inhibit thrombin (dabigatran) or clotting factor Xa 
(rivaroxaban, apixaban and edoxaban). Each DOAC has a limited number of fixed 
dose prescriptions available, they are prescribed without laboratory monitoring, 
have a rapid onset of action, a wide therapeutic index, few food and drug interac-
tions, and remain on patent. In AF, a meta-analysis has confirmed that DOACs are 
collectively associated with decreased stroke and systemic embolism, all-cause 
mortality and intracranial haemorrhage compared to warfarin [61]. However, with 
the exception of apixaban, they are associated with increased gastrointestinal bleed-
ing [62]. In acute VTE, it has been shown by meta-analysis that DOACs are col-
lectively non-inferior to warfarin, and associated with reduced major bleeding [63].

A GWA sub-study of participants from the principal dabigatran etexilate (DE) 
RCT, RE-LY, has been performed (Table 5.1) [64]. Interestingly, it identified that 
each minor allele of rs2244613, an intronic SNP within CES1, was associated with 
both a 15% decrease in dabigatran trough levels and a 33% lower risk of any bleed-
ing in DE-treated patients [64]. Importantly, rs2244613 minor allele carriers experi-
enced decreased bleeding events compared to patients on warfarin, but there was no 
difference in bleeding rates between the two drugs in non-carriers. Furthermore, the 
minor allele of rs8192935, within the CES1 locus, and rs4148738 within ABCB1, 
were associated with a 12% decrease or increase in peak dabigatran concentrations, 
respectively [64]; these SNPs were not, however, associated with clinical endpoints 
[64]. In a recent small (n  =  92) candidate gene study of these three variants, 
rs8192935 was associated with trough dabigatran levels, but no associations were 
found for CES1 rs2244613 or ABCB1 rs4148738 [65]. Additional adequately pow-
ered studies are needed to determine the generalizability of the GWAS findings.

CES1 encodes liver carboxylesterase 1 (CES1), which is involved in the hydro-
lysis of multiple ester- and amide bond-containing drugs [64]. The sequential bio-
transformation of the ingested prodrug, DE, into active dabigatran, is mediated by 
intestinal CES2 and then hepatic CES1 [66]. In vitro functional work has shown that 
DE activation is reduced by the known rare ROF non-synonymous CES1 variant, 
rs71647871 (G143E), but interestingly neither rs2244613 nor rs8192935 are associ-
ated with in vitro dabigatran production [67]. The loci of these SNPs contain a 
cluster of CES genes (e.g. CES4¸ CES7) [64] in addition to CES1, and so further 
research is required to understand their putative roles.

ABCB1 encodes P-glycoprotein (P-gp), an adenosine triphosphate-dependent 
xenobiotic efflux pump of broad substrate specificity with a role in eliminating 
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substrates into the intestine, bile and urine. Intestinal P-gp activity modulates net 
absorption of DOACs, including DE (but not active dabigatran) [68], and P-gp inhibi-
tors (e.g. amiodarone, verapamil) increase dabigatran bioavailability by ~10–20% 
[69]. ABCB1 is polymorphic with three common SNPs, rs1128503 (1236C-T), 
rs2032582 (2677G-T) and rs1045642 (3435C-T), which are in strong LD. Furthermore, 
rs4148738 is in modest LD with rs1045642 (r2 = 0.51) [64].

Our understanding of the pharmacogenomics of anti-Xa DOACs remains rela-
tively rudimentary. However aanalogous to dabigatran and CES1, patients carrying 
the warfarin-sensitive VKORC1 and CYP2C9 variants have been reported to have a 
significantly higher risk of bleeding on warfarin compared to edoxaban, with no 
difference in bleeding events between treatments in VKORC1 and CYP2C9 wild-
type homozygotes [70].

5.2.6  Clinical Utility

There is compelling evidence that pharmacogenomics influence WSD requirements 
[34]. The FDA introduced a dosing table into the warfarin drug label in 2010 based on 
VKORC1 and CYP2C9 genotype combinations [71]; an extended dosing table includ-
ing nine variants in VKORC1, CYP2C9 and CYP4F2 has since been developed [72]. 
Several multivariable algorithms have been assembled to predict optimal warfarin 
dose when starting treatment (days 1–3) [24]; a few algorithms are available for revis-
ing the dose once the day three INR is available (e.g. on days 4–5) [73, 74]. These 
algorithms are based on clinical and genetic (mainly VKORC1, CYP2C9 ± CYP4F2 
variants) factors, although most are derived from small cohorts. The International 
Warfarin Pharmacogenetics Consortium (IWPC) algorithm is notable for being devel-
oped from 4043 patients and for significantly outperforming its clinical factors-only 
algorithm (no genetic variants included) in the 46.2% of the population requiring 
≤21 mg or ≥49 mg of warfarin/week [75]. The IWPC [75] algorithm, and the Gage 
[76] algorithm, are high-performing validated algorithms freely available for clinical 
use at http://www.warfarindosing.org [31] and recommended by the Clinical 
Pharmacogenetics Implementation Consortium (CPIC) guidelines.

In 2013, two multicentre warfarin pharmacogenomic RCTs were published, with 
contrasting results. EU-PACT recruited participants from the UK and Sweden 
(n = 455), compared a pharmacogenomic algorithm to standard dosing, and reported 
that the TTR for the first 12 weeks of warfarin treatment was significantly better in 
the pharmacogenomic (67.4%) compared to the standard dosing arm (60.3%, 
p < 0.001) [77]. COAG was US-based (n = 1015), compared pharmacogenomic and 
clinical algorithms, and found no difference in TTR up to four weeks (45.2% and 
45.4% respectively, p = 0.91) [21].

Several reasons have been proposed to explain these contrasting results [17]. 
Notably, whilst EU-PACT recruited predominantly Caucasian patients, COAG was 
more heterogeneous consisting of ~30% African-American and ~6% Hispanic patients 
[21]. Importantly, the African-American subgroup had a lower TTR and higher fre-
quency of INRs >3 with pharmacogenomic dosing compared to the clinical algorithm 
arm [21]. Subsequently, it has been shown that omission of ethnicity-specific variants 

R.M. Turner and S.M. Pirmohamed

http://www.warfarindosing.org31


131

adversely affects IWPC algorithm performance [78] and an African-American-specific 
algorithm with superior precision has been developed [79].

The headline results of the Genetic Informatics Trial (GIFT) of warfarin therapy 
in patients undergoing elective hip or knee replacement surgery have recently been 
released. This is the largest pharmacogenomic RCT to date (n = 1597) and was 
powered for clinical endpoints. Importantly, dosing warfarin using a pharmacoge-
nomic algorithm (including clinical factors, CYP2C9*2, *3, VKORC1 and CYP4F2 
genotypes) led to a significant 27% relative risk reduction in the primary composite 
endpoint compared to dosing using an algorithm that considers clinical (non-
genetic) factors only. The primary composite endpoint included death, confirmed 
VTE, INR  ≥  4 and major bleeding; the pharmacogenomic-mediated reduction 
appears to have been driven through reducing instances of INR ≥ 4 [80].

Warfarin is inexpensive, clinicians are accustomed to it, and it remains the princi-
pal oral anticoagulant for patients with mechanical heart valves because dabigatran 
was associated with increased bleeding and thromboembolic events in these patients 
[81]. Therefore, it is likely that warfarin will remain a commonly prescribed drug for 
the foreseeable future. Importantly, data from EU-PACT show that a pharmacoge-
nomic-guided warfarin dosing strategy is cost effective in both the UK, and to a lesser 
extent, in Sweden [82]. The recent data from GIFT show that genotype-guided dosing 
of warfarin has clinical utility. Clearly the DOACs are an important innovation, but 
their cost is a major impediment to their use. Therefore, an integrated overarching 
clinical and cost-effective approach that appropriately stratifies DOAC and warfarin 
treatments for AF/VTE patients could be advantageous. There appears to be no dif-
ferential bleeding risk between DOACs and warfarin if centre-based TTR is ≥66%, as 
determined by meta-analysis [61]. Therefore, an approach that stratifies patients based 
on warfarin risk alleles (e.g. ROF variants in CYP2C9 and VKORC1), potentially 
alongside DOAC-specific risk variants, appears pragmatic and appealing.

Overall, warfarin multivariable models account for ~60% of WSD variability 
[18]. The ongoing micro-RNA investigations [60], novel findings regarding the 
influence of circulating clotting factor levels [19], and further research should pro-
vide insight into the ~40% unaccounted variability. Further research into the phar-
macogenomics of dabigatran and other DOACs, along with studies integrating a 
novel biomarker-based bleeding risk score (incorporating growth differentiation 
factor-15, high-sensitivity troponin T and haemoglobin) [83] are also warranted to 
maximise the benefit: risk profile of oral anticoagulation.

5.3  Statins

5.3.1  Case Study

A 50-year old female Asian office administrator attends a National Health Service 
(NHS, UK) appointment, instigated by her because her 55-year old brother had 
recently suffered a myocardial infarction. She has hypertension, treated with 
ramipril 10 mg daily and amlodipine 5 mg daily, but no known ischaemic heart 
disease. She is a non-smoker and teetotal. On examination, she is overweight (BMI 
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27) with a blood pressure of 145/82 mmHg. Subsequent blood results show a cho-
lesterol/high-density lipoprotein (HDL) ratio of 5, but normal renal, liver, thyroid 
and HbA1c results. Her 10-year risk of CVD is calculated to be 21%, and so, fol-
lowing consultation with her GP, she starts atorvastatin 20 mg daily, and a 24-h 
ambulatory blood pressure check is arranged. Two weeks later she returns to her GP 
complaining of non-specific muscle aches, and her statin is switched to simvastatin 
40 mg after a one-week washout period. Two weeks later, she returns with muscle 
heaviness, particularly in her thighs. Urine dipstick shows no ‘red blood cells’; 
serum biochemistry results subsequently show that her creatine kinase (CK) is 5× 
the upper limit of normal (ULN), although renal function is preserved. Her statin 
therapy is discontinued for now with a plan to review the decision in one month.

5.3.2  Overview

Statins are hypolipidaemic drugs indicated for both the primary and secondary pre-
vention of CVD. RCT evidence demonstrates that for every one mmol/L reduction in 
low-density lipoprotein (LDL) cholesterol (LDL-C) during statin therapy, there is an 
associated 25% reduction in cardiovascular events for each year of treatment (after 
the first treatment year) [84]. Overall, statins lower LDL-C by 30–63% [85] and 
reduce cardiovascular events by 20–30% [86]. In the UK, atorvastatin 20 mg daily is 
indicated for patients with a 10% or greater 10-year risk of cardiovascular disease for 
primary prevention, and atorvastatin 80 mg daily is first line secondary prevention 
therapy [87]. Statins are amongst the most commonly prescribed classes of medica-
tion worldwide, and in the UK, ~11–12 million people are estimated to be eligible for 
statin therapy [88, 89]. There are seven currently licensed statins worldwide: atorv-
astatin, fluvastatin, lovastatin, pitavastatin, pravastatin, rosuvastatin and simvastatin.

The main mechanism of statin action is competitive inhibition of 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGCR), the rate limiting enzyme in de 
novo cholesterol synthesis (Fig. 5.3). In turn, this leads to an upregulation of hepatic 
LDL receptors, which increases hepatic LDL-C influx further decreasing circulating 
LDL-C [90]. In addition, it is expected that inhibition of HMGCR leads to a reduc-
tion in all downstream end-products, including prenylated proteins and coenzyme 
Q10 (CoQ10, also known as ubiquinone), as well as cholesterol (Fig. 5.3) [91]. Several 
pleiotropic properties have been ascribed to statins, including anti-inflammatory and 
immune-modulatory effects [92–95], and improved endothelial function [95–97].

Although generally well tolerated, statins have been associated with a range of 
ADRs including gastro-intestinal disturbances, abnormal liver function tests, 
depression, fatigue, incident diabetes mellitus, and likely haemorrhagic stroke [84]. 
However, the most commonly reported statin ADR is statin-associated myotoxicity 
(SAM), which is thought to comprise two-thirds of all statin ADRs [98]. SAM 
encompasses a spectrum of presentations (Fig. 5.4) including common muscular 
symptoms (myalgias, aches, cramps and/or weakness) with no elevation in serum 
CK, asymptomatic elevations in CK above the upper limit of normal, symptomatic 
myopathies with elevated CKs of increasing severity, rare but potentially life-
threatening rhabdomyolysis, and very rare autoimmune-mediated statin myopathy 
that persists despite statin cessation [99].
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The true incidence of SAM is uncertain, occurring in 1.5–5% of participants in 
RCTs (relative to placebo groups) [100], compared to 10–15% in observational stud-
ies [101]. Therefore the underlying benefit: risk profile of statins, particularly in 
patients at the lower end of the CVD risk spectrum, has been a recent source of con-
troversy [102]. Nevertheless, there is consensus that statins definitely do increase the 
risk of the more severe forms of myotoxicity, including severe myopathy and rhab-
domyolysis [84]. Importantly, cerivastatin was voluntarily withdrawn in 2001 
because of 52 cases of fatal rhabdomyolysis [103]. The greater difficulty lies in cor-
rectly assigning the aetiology of the commoner milder musculoskeletal symptoms, 
and in particular whether they are attributable to statin therapy and/or to other condi-
tions (e.g. increased exercise or viral illnesses). Interestingly, a recent six-month 
RCT conducted in 420 healthy volunteers administered either atorvastatin 80 mg 
daily or placebo found an increased rate of myalgia amongst the subjects on atorvas-
tatin compared to the placebo group (9.4% vs. 4.6%, respectively, p = 0.05) [104], 
which suggests that myalgias may be caused by intensive atorvastatin therapy in 
~5% of people. Furthermore, recent N-of-1 (single-patient) placebo-controlled trials 
involving patients with a prior history of SAM have reported that ~30–40% subse-
quently experience muscle-related events only on statin and not placebo [105, 106].

Clinical SAM risk factors include higher statin dose, older age, female gender, 
low BMI, uncontrolled hypothyroidism, liver disease, intense physical exertion, 
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Asian or African ancestry, drug-drug interactions [107, 108], and perhaps low vita-
min D levels [91]. High statin equivalent dose increases the risk of severe myopathy 
by ~six-fold compared to low statin doses [108]. Atorvastatin, lovastatin and simv-
astatin are CYP3A4 substrates. Concomitant use of CYP3A4-inhibiting drugs, such 
as itraconazole and clarithromycin, significantly increases the systemic exposure of 
CYP3A4-metabolised statins [109–111] and are associated with an increased risk of 
SAM [112]. Therefore, the product labels of these CYP3A4-metabolised statins 
contraindicate [113, 114] or advocate caution and reduced statin doses [115] to 
mitigate CYP3A4-mediated interactions. Grapefruit juice has also been associated 
with increased systemic exposures of atorvastatin [116, 117], lovastatin [118], and 
simvastatin [119]. Drugs with established significant interactions listed for all seven 
statins include cyclosporine and gemfibrozil [113–115, 120–123]. In recognition of 
the importance of statin-drug interactions, recommendations for the management of 
clinically significant interactions have been recently published [124].

5.3.2.1  SLCO1B1
In 2008, a seminal GWAS reported a strong association between simvastatin myop-
athy and SLCO1B1 (Table  5.2) [125]. Briefly, a case-control sub-study of the 

Severity
&

Rarity

Autoimmune-mediated statin myopathy
anti-HMGCR antibodies
~2 patients/million/year

Rhabdomyolysis
CK>10×ULN, muscle symptoms renal

impairment 0.1-8.4/100,000 patient-years

Severe myopathy
CK>10×ULN, muscle symptoms

0.11% patients

Myopathy
4×<CK<10x ULN, muscle symptoms

5/100,000 patients-years

Myalgia
Muscle symptoms, CK normal or <4x ULN

~5% patients

Asymptomatic CK elevation
CK<4x ULN

1.5-26% patients

Fig. 5.4 Statin-associated myotoxicity phenotype spectrum. Classification and estimated fre-
quencies are based on Alfirevic et al., 2014 [99], except for myalgia frequency which is derived 
from Parker et al. [104]
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Table 5.2 Pharmacogenomics of statin-associated myotoxicity

Study
Locus/
Gene Variant(s) Statin

Myotoxicity 
Phenotype Effecta References

Replicated variants

GWAS SLCO1B1 rs4149056 
(521 T>C, 
V174A)

SVT Mild (CK >3× 
ULN) & severe 
myopathy 
(CK>10× ULN)

(a) 80 mg SVT/day:
  – Per C allele: OR 4.5 (95% 

CI 2.6, 7.7)
  – CC vs. TT: OR 16.9 (95% 

CI 4.7, 61.1)
(b) 40 mg SVT/day:
  – Per C allele: OR 2.6 (95% 

CI 1.3, 5.0),

[125]

CG SVT, 
ATV

-All myopathy 
(CK >4× ULN).
-Severe myopathy 
(CK >10× ULN or 
rhabdomyolysis)

(a) SVT all myopathy:
  – Per C allele: OR 2.13 

(95% CI 1.29, 3.54)
(b) SVT severe myopathy:
  – Per C allele: OR 4.97 

(95% CI 2.16, 11.43)
(c) rs4149056 NS for all/
severe myopathy in patients 
only on ATV

[127]

CG CVT Severe myopathy 
(CK >10× ULN)

Per C allele: OR 1.89 (95% CI 
1.40, 2.56)

[130]

CG SVT, 
ATV,

Severe myopathy 
(CK >10× ULN)

CC/CT vs. TT:
  – SVT: OR 3.2 (95% CI 

0.83, 11.96),
  – ATV: NS

[126]

CG ATV, 
SVT, 
PVT

Discontinuation, 
myalgia, and/or 
CK >3× ULN

  – OR 1.7 (95% CI 
1.04–2.8)

  – Gene-dose trend 
observed.

  – Risk highest in patients 
on SVT

  – A (non-significant) trend 
for increased risk in patients 
on ATV

  – No increased risk for 
PVT with rs4149056 C 
allele

[129]

CG Mainly 
SVT

A relevant 
prescribing change 
with CK testing/
high ALT

CC/CT vs. TT:
OR 2.05 (95% CI 1.02, 4.09)

[128]

CG ATV, 
RVT

Muscular 
intolerance

  – ATV: OR 2.7 (95% CI 
1.3, 4.9)

  – RVT NS

[132]

CG RVT Muscle symptoms, 
myopathy, 
rhabdomyolysis

NS [131]

(continued)
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Study
Locus/
Gene Variant(s) Statin

Myotoxicity 
Phenotype Effecta References

HLA 
typing

HLA- DRB1*11 Not 
detailed

anti-HMGCR 
antibody positive 
myopathy 
(symptoms persist 
after statin 
discontinuation)

(a) HLA-DRB1*11 
(recognised by HLA-DR11 
serotype) significantly more 
frequent in anti-HMGCR 
positive white or black 
myopathy patients than 
normal controls
(b) OR for the presence of 
HLA-DRB1*11:01 in 
anti-HMGCR positive 
myopathy patients vs. controls 
is ~24.5 (white patients) and 
~56.5 (black patients)

[156]

CG Not 
detailed

anti-HMGCR 
antibodies in 
patients with IIM 
or IMNM

In myopathy patients, 
HLA-DRB1*11 is more 
frequent in those positive than 
those negative for anti-
HMGCR antibodies:
OR 56.1 (95% CI 5.0–7739),
(c) Three myopathy 
anti-HMGCR positive 
myopathy patients had high 
resolution typing and all 
carried HLA-DRB1*11:01

[155]

Candidate PK variants

CG ABCB1 1236C>T, 
2677G>A/T, 
3435C>T

ATV, 
RVT, 
SVT

CK >3× ULN 1236C>T TT vs. CT/CC:
  – OR 4.5 (95% CI 1.4, 

14.7),

[163]

CG SVT Myalgia Significantly increased risk of 
endpoint with ABCB1 variant 
alleles

[164]

CG ATV Muscle symptoms Increased risk in patients 
carrying 3435 T compared to 
3435C allele (p = 0.043)

[165]

CG SVT, 
ATV

Prescribing 
changes

NS [166]

Candidate muscle-related variants

GWAS RYR2 rs2819742 
(1559G>A)

CVT Severe myopathy 
(CK >10× ULN)

Per A allele: OR 0.48 (95% CI 
0.36, 0.63)

[130]

CG RYR1 34 RYR1 
mutations or 
variants

Not 
detailed

Mild & severe 
myopathy

Disease causing mutations or 
variants in RYR1 identified in:
  – 3 of 197 severe statin 

myopathy cases
  – 1 of 163 mild myopathy 

cases
  – 0 of 133 in statin-tolerant 

controls

[170]

In vitro 
eQTL 
analysis 
+ CG

GATM rs1719247 SVT Mild (CK >3× 
ULN) & severe 
myopathy 
(CK>10× ULN)

Decreased risk with GATM 
rs1719247 minor allele:
  – OR 0.60 (95% CI 0.45, 

0.81),

[296]

Table 5.2 (continued)
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SEARCH RCT compared 85 myopathy cases (CK>3× ULN) to 90 controls, all of 
whom were prescribed simvastatin 80 mg daily [125]. The GWAS identified a sin-
gle genome-wide significant signal, which was rs436365, an intronic SNP within 
SLCO1B1. Regional analysis found rs4363657 to be in almost complete linkage 
disequilibrium with the non-synonymous SLCO1B1 variant, rs4149056 (531T>C, 
V174A). The odds ratio (OR) of myopathy in CC versus TT wild-type homozygotes 
was 16.9 (95% CI 4.7, 61.1); furthermore a gene-dose trend was evident with an OR 
of 4.5 (95% CI: 2.6, 7.7) per copy of the C allele [125]. This association between 
simvastatin myopathy and rs4149056 has been replicated [125–127] and confirmed 
in meta-analysis [127]. However, the OR for the myopathy association is reduced 
with lower simvastatin doses [125]. Furthermore, rs4149056 has been associated 
with milder composite adverse outcomes encompassing myalgia, prescription 
reductions and/or of minor biochemical (e.g. CK) elevations suggestive of simvas-
tatin intolerance [128, 129].

Interestingly, an analysis of historical cases of cerivastatin-related rhabdomyoly-
sis similarly reported a gene-dose risk association with rs4149056 (OR 1.89, 9% CI 
1.40, 2.56 per additional C allele) [130]. However, to date, SLCO1B1 rs4149056 has 
not been associated with pravastatin [129] or rosuvastatin [131, 132] myotoxicity. 
Whilst an association between rs4149056 and atorvastatin myotoxicity has been 

Study
Locus/
Gene Variant(s) Statin

Myotoxicity 
Phenotype Effecta References

CG CPT2 P50H, 
S113 L, 
Q413fs, 
G549D, 
R503C, 
R631C

ATV, 
CVT, 
LVT, 
SVT

Muscle symptoms. 
Symptoms 
commonly persist 
after therapy 
cessation

A fourfold increase in the 
number of mutant alleles (in 
AMPD1 > CPT2/PYGM) in 
the cases compared to the 
statin-tolerant controls

[167]

PYGM R49X, 
G204S

AMPD1 Q12X, 
P48L, K287I

CG COQ2 rs4693075 
(1022C>G)

ATV, 
RVT

Muscular 
intolerance

G minor allele:
  – RVT: OR 2.6 (95% CI 

1.7, 4.4)
  – Increased risk of 

muscular symptoms and 
CK increase with ATV: OR 
3.1 (95% CI 1.9, 6.4),

[132]

CG ATV, 
RVT

Myopathy GG vs. CG/CC:
  – OR 2.33 (95% CI 1.13, 

4.81),

[175]

CG SVT, 
ATV

Myopathy NS [127]

ATV atorvastatin, ALT alanine aminotransferase, CG candidate gene study, CK creatine kinase, CVT cerivas-
tatin, eQTL expression quantitative trait loci, GWAS genome-wide association study, IIM idiopathic inflamma-
tory myositis, IMNM immune-mediated necrotizing myopathy, LVT lovastatin, NS not statistically significant, 
OR odds ratio, PVT pravastatin, RVT rosuvastatin, SVT simvastatin
aAll effects are statistically significant unless otherwise stated

Table 5.2 (continued)
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suggested [129, 133] or reported [132] in some studies, several others have found no 
evidence [126, 127, 134, 135]. Therefore, the influence of rs4149056 on atorvastatin 
myotoxicity remains unclarified.

SLCO1B1 encodes organic anion-transporting polypeptide 1B1 (OATP1B1), 
a hepatocyte-specific sinusoidal xenobiotic influx transporter. Mechanistically, 
rs4149056 is thought to reduce intrinsic OATP1B1 transport given that it does not 
cause OATP1B1 mis-localisation [136]. PK studies have demonstrated that the variant 
allele of rs4149056 (encoding 174A) is associated with significantly elevated systemic 
exposures to all currently available statins, except fluvastatin (Table 5.3) [137–141], 
and in general the homozygote CC subjects have greater exposure relative to hetero-
zygotes. Importantly, the area under the concentration-time curve for simvastatin acid 
was 221% larger in rs4149056 CC homozygotes compared to TT wild-type subjects 
[141], which was the largest increase for any statin. This observation may account for 
why rs4149056 appears to be a simvastatin-specific myotoxicity risk factor. However, it 
is also worth noting that simvastatin has traditionally been very commonly prescribed, 
and so the majority of SAM cases included into studies have been related to simvas-
tatin exposure. Therefore, it is hypothesized that factors that increase systemic statin 
exposure, including both clinical (e.g. low BMI) and genetic (SLCO1B1 rs4149056 for 
simvastatin), lead to elevated muscle statin exposure, which predisposes to myotoxic-
ity through poorly elucidated downstream mechanisms. One unresolved observation is 
that, whilst rs4149056 C allele increases the simvastatin acid major metabolite, it does 
not significantly increase parent simvastatin lactone (Table 5.3), and yet the lactone 
forms of statins are considered more myotoxic [142–145].

The reasons for the uncertainty regarding any atorvastatin myotoxicity rs4149056 
association include: fewer atorvastatin cases in studies [127], atorvastatin appears 

Table 5.3 The effect of 
SLCO1B1 rs4149056 on 
statin exposure

Statin AUC (CC vs. TT)a References
Atorvastatin ↑ 2.45-fold (+145%) [137]

Fluvastatin ↑ 1.19-fold (+19%, 
NS)

[138]

Lovastatin ↓to 84% (−16%, NS) [139]

Lovastatin acid ↑2.86-fold (+186%) [139]

Pitavastatin ↑ 3.08-fold (+208%) [140]

Pravastatin ↑1.91-fold (+91%) [138]

Rosuvastatin ↑1.62-fold (+62%) [137]

Simvastatin ↑ 1.43-fold (+43%, 
NS)

[141]

Simvastatin 
acid

↑3.21-fold (+221%) [141]

Extended from Elsby et al. [157]
aThe area under the statin plasma concentration time curve 
(AUC) of subjects homozygous for the SLCO1B1 rs4149056 
minor allele (521 T>C, V174A) compared to subjects homozy-
gous for the rs4149056 wild-type allele. All effects are statisti-
cally significant unless otherwise stated. NS not statistically 
significant
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less intrinsically myotoxic than simvastatin [142], and the smaller impact of 
rs4149056 on atorvastatin exposure [137] (Table 5.3) likely because atorvastatin is 
transported into hepatocytes by OATP1B3, 2B1 and 1A2 as well as OATP1B1 
[146]. Nevertheless, an interesting drug-drug-gene has been identified in a PK study 
where the extent of increase in atorvastatin exposure due to concomitant rifampicin 
varied by rs4149056 genotype [147].

Therefore, in the clinical case, it is plausible that she had the SLCO1B1 rs4149056 
CC genotype. This genotype potentially exacerbated an interaction between amlo-
dipine (mild CYP3A4 inhibitor) and simvastatin, especially because she was pre-
scribed 40 mg and not 20 mg simvastatin daily, which is now recommended with 
amlodipine [148].

5.3.2.2  HLA-DRB1*11:01
In the causality assessment of an adverse event, the observation that the event improves 
when a drug is stopped or its dose reduced is one indication that the adverse event is 
likely an ADR [149]. Interestingly, several research groups previously noted that the 
symptoms and CK elevation of a few patients with SAM persist or even progress after 
statin discontinuation, and these patients response positively to immunosuppressive 
therapy [150–152]. These features suggest an autoimmune phenomenon, and in 2011 
it was reported that these patients, as well as a minority without prior statin exposure 
(less than 10% in myopathy patients 50 or older), are positive for anti-HMGCR auto-
antibodies (Table 5.2) [153]. Muscle biopsies of patients with anti-HMGCR antibod-
ies often show necrotizing myopathy with minimal lymphocytic infiltration, although 
histological features indicative of other conditions (e.g. poly/dermatomyositis) can 
occur [154, 155]. Pharmacogenomic studies have provided further evidence of an 
autoimmume aetiology. In white myopathy patients with anti-HMGCR, the HLA class 
II combination of HLA-DR11; DQA5; DQB7 is significantly overrepresented com-
pared to either controls (statin exposure unknown) or statin intolerant subjects [156]. 
In black anti-HMGCR myopathy patients, HLA-DR11 alone is markedly elevated 
compared to black controls [156]. When analysing just myopathy cases, HLA-DR11 
is strongly associated with anti-HMGCR [155]. HLA-DR11 is a serotype that rec-
ognises alleles HLA-DRB1*11:01-*11:10; high resolution typing has revealed that 
HLA-DRB1*11:01 is significantly associated with anti-HMGCR positive myopathy 
[156], and the ORs for the presence of HLA-DRB1*11:01 in anti-HMGCR myopathy 
white or black patients, compared to controls, have been estimated to be ~25 and ~57, 
respectively [156]. HLA-DRB1*11:01 has been associated with the development of 
anti-Ro antibodies in neonatal lupus. However, similarly to other drug hypersensitiv-
ity reactions, the underlying aetiology remains elusive.

5.3.3  Other Candidate Genes

Variants in both phase I and II genes have been associated with altered statin PK. These 
include ABCG2 (encoding breast cancer resistance protein, BCRP), CYP3A4*22 and 
UGT1A3 (encoding uridine diphosphate (UDP)-glucuronosyltransferase 1A3). ABCG2 
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rs2231142 (421C>A, Q141K) is associated with increased exposure of atorvastatin, 
fluvastatin, rosuvastatin and simvastatin [157]. CYP3A4*22 is associated with increased 
simvastatin [158] concentrations and a decreased 2-hydroxyatorvastatin metabolite to 
atorvastatin ratio [159], and the *2 haplotype of UGT1A3 is associated with elevated 
atorvastatin lactone metabolite levels [160, 161]. Nevertheless, these PK variants have 
not been established as SAM risk factors.

The TTT/TTT haplotype of the common ABCB1 variants, 1236C>T, 2677G>T 
and 3435C>T, is associated with increased atorvastatin and simvastatin acid expo-
sures compared to subjects with the CGC/CGC haplotype [162]. Furthermore, these 
variants have been associated with symptom-independent elevated CK levels [163] 
and muscle symptoms [164, 165] in some candidate gene studies, but not with pre-
scribing changes suggestive of statin intolerance [166].

Muscle-related candidate variants have also been identified. The frequency of 
patients with lipid lowering (predominantly statin)-induced myopathy carrying 
aberrant metabolic myopathy genes, including CPT2 (encoding carnitine palmitoyl-
transferase 2) and PYGM (encoding the muscle isoform of glycogen phosphorylase, 
which underlies McArdle disease) is higher compared to asymptomatic treated con-
trols [167]. Interestingly, in vitro transcriptomics has demonstrated that CPT2 is 
amongst the top 1% of genes whose mRNA levels are perturbed by 75 rhab-
domyolysis-inducing drugs [168].

RYR1 encodes ryanodine receptor 1, which mediates the release of stored cal-
cium ions from the sarcoplasmic reticulum of skeletal muscle. Deleterious RYR1 
variants are associated with anaesthesia-induced malignant hyperthermia and cen-
tral core disease [169], and disease-causing mutations or variants in RYR1 appear to 
be more frequent in statin myopathy patients than controls [170]. Interestingly, the 
second major published statin GWAS identified an intronic variant, rs2819742 
(1559G>A), in the ryanodine receptor 2 gene (RYR2) to be associated with cerivas-
tatin severe myopathy (CK>10× the upper limit of normal) [130]. An additional 
copy of the minor A allele was associated with reduced myopathy risk (OR 0.48, 
95% CI 0.36, 0.63) [130]. However unlike RYR1, RYR2 is expressed mainly in 
cardiac muscle tissue where it facilitates cardiac calcium-induced calcium release, 
and deleterious RYR2 mutations are associated with ventricular arrhythmias [171].

As stated earlier, statin-mediated competitive inhibition of HMGCR leads to the 
decreased synthesis of coenzyme Q10 by interfering with mevalonate production 
(Fig.  5.3). CoQ10 is an important cofactor in mitochondrial respiration [172]. 
Primary CoQ10 deficiency is a clinically and genetically heterogeneous condition, 
considered to be inherited in an autosomal recessive manner, and has been associ-
ated with isolated myopathy, encephalopathy, nephrotic syndrome, cerebellar ataxia 
and severe infantile multisystemic disease [173]. In patients on statins, reduced cir-
culating CoQ10 is routinely observed and some studies have reported a decrease in 
muscle CoQ10 [172]. COQ2 encodes para-hydroxybenzoate-polyprenyl transferase 
and defective COQ2 has been associated with primary CoQ10, which can improve 
with early CoQ10 supplementation [174]. COQ2 variants, and in particular rs4693075 
(1022C>G), have been investigated in relation to SAM with some candidate gene 
studies [132, 175], but not others [127], finding evidence of an association. 
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Importantly though, a recent meta-analysis of RCTs found that CoQ10 supplementa-
tion likely does not reduce SAM, although larger trials are required to confirm this 
conclusion [176]. One possible biological explanation is that the Q0 site of mito-
chondrial complex III, which is involved in transferring electrons from CoQ10 to 
cytochrome c, is thought to be an off-target binding site for statin lactones [143], 
and so CoQ10 supplementation alone may not surmount this disruption to mitochon-
drial electron flow.

5.3.4  Statin Efficacy

The magnitude of lipid-lowering response to a given statin varies between patients; 
the genetic basis for this heterogeneous efficacy response to statins has been exten-
sively studied, and over 40 candidate genes described [177]. Importantly, a recent 
meta-analysis of statin efficacy GWAS’ that included eight RCTs and 11 prospec-
tive observational studies split into discovery (n  =  18,596) and replication 
(n = 22,318) datasets, and a final combined meta-analysis, was undertaken [178]. 
The included studies contained patients on all statins except pitavastatin, although 
the most prevalent statins were atorvastatin, pravastatin, rosuvastatin and simvas-
tatin. The analyses were controlled for age, sex and off-treatment LDL-C level. This 
study confirmed previously identified associations for APOE and LPA loci with on-
statin LDL-C reduction, and identified two novel loci, SLCO1B1 and SORT1/
CELSR2/PSRC1, which had not previously been identified in GWAS, with on-statin 
LDL-C reduction (Table 5.4). The minor alleles of the lead SNPs for APOE and 
SORT1/CELSR2/PSRC1 were associated with a larger response to statin treatment, 
and for LPA and SLCO1B1 a smaller statin response. A related genome-wide condi-
tional analysis identified 14 SNPs, which together accounted for ~5% of the 
observed variation in LDL-C response to statin therapy [178].

APOE encodes apolipoprotein E (apoE), which is present in chylomicrons, very 
low-density lipoprotein (VLDL), intermediate-density lipoprotein (IDL) and HDL 
particles [179]. In the periphery, apoE is predominantly synthesised in the liver. 
APOE has two common non-synonymous SNPs, rs429358 (C112R) and rs7412 
(R158C), resulting in three apoE isoforms: ε2 (C112, 158C), ε3 (C112, R158) and 
ε4 (112R, R158). ε3 is considered the ‘normal’ form. The ε2/ ε2 genotype is 

Table 5.4 Validated pharmacogenomic variants associated with differential LDL-C lowering 
response to statin therapy

Gene Lead variant

% extra LDL-C 
lowering (carriers vs. 
non-carriers) p-value

APOE rs445925 5.1 8.52 × 10−29

LPA rs10455872 −5.2 7.41 × 10−44

SLCO1B1 rs2900478 −1.6 1.22 × 10−9

SORT1/CELSR2/PSRC1 rs646776 1.3 1.05 × 10−9

These results are derived from a meta-analysis of GWAS data in Postmus et al., 2014 [178]
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associated with type III hyperlipoproteinaemia (familial dysbetalipoproteinaemia) 
with elevated total cholesterol and triglyceride levels, although incomplete 
genotype-to-phenotype penetrance is observed; ε4 is associated with both 
Alzheimer’s and CVD [179]. In the GWAS meta-analysis, the minor allele of the 
lead SNP (rs445925) was a proxy for the ε2 allele [178, 180]. ε2 protein is associ-
ated with increased hepatic cholesterol synthesis, and so may predispose to greater 
statin-mediated inhibition of cholesterol synthesis [180, 181].

LPA encodes apolipoprotein(a). Lipoprotein(a) (Lp(a)) is a plasma lipoprotein con-
sisting of an LDL-like particle (cholesterol rich and incorporating a single apolipopro-
tein B (apoB) molecule) alongside apolipoprotein(a). Circulating Lp(a) levels are 
significantly more variable than LDL-C levels, and Lp(a) is associated with CVD 
[182]. The lead SNP, rs10455872, is strongly associated with the LPA kringle IV type 
2 (KIV-2) copy number variant (CNV); the G allele of rs10455872 is associated with 
elevated Lp(a) [180] and rs10455872 accounts for ~30% of observed Lp(a) level vari-
ability in Caucasians [183]. The association between the rs10455872, Lp(a) level and 
attenuated response to statin treatment is thought to originate from the methods used 
in estimating LDL-C levels. Both conventional laboratory LDL-C assays and the 
Friedewald formula for estimating LDL-C include cholesterol within Lp(a) particles 
in their LDL-C assessment. However, statins have little impact on circulating Lp(a) 
[180]. Therefore, patients with the Lp(a)-raising rs10455872 G allele have a greater 
proportion of circulating cholesterol contained within statin non-responsive Lp(a) 
particles, relative to statin response LDL particles, and so the total LDL-C reduction 
observed with statin treatment for these patients is modestly attenuated [180].

The lead GWAS meta-analysis SLCO1B1 SNP, rs2900478, is in linkage disequi-
librium with rs4149056 (531T>C, V174A), and was associated with a marginally 
smaller LDL-C reduction in response to statin therapy [178]. A PK-PD model simu-
lation has reported that the rs4149056 minor C allele leads to modestly reduced 
predicted hepatic unbound intracellular statin concentrations, which is in keeping 
with the meta-analysis results [184]. Therefore, the impact of the rs4149056 C allele 
includes both substantially elevated plasma statin exposures, and modestly reduced 
intrahepatic levels.

The mechanisms underlying the association between the minor allele of the 
SORT1/CELSR2/PSRC1 locus and the larger reduction in LDL-C in response to 
statin treatment remain incompletely determined. However, SORT1 encodes sorti-
lin, an intracellular trafficking protein that can bind to apoB, which is present in 
LDL-C particles [185]. Therefore, sortilin is implicated in reducing circulating 
LDL-C by both reducing the hepatic secretion of apoB-containing precursors, and 
increasing the hepatic influx of LDL-C by binding to sortilin present on the hepato-
cyte surface [185].

5.3.5  Clinical Utility

It is clear that at the population level, the overall benefits of statin therapy outweigh 
the risks [84]. However, for individual patients, extreme SAM leads to hospitalisation. 
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Furthermore, ~10–30% of patients are non-adherent or discontinue statin therapy 
within a year [186, 187], SAM is more frequent in these patients [188], and statin 
underutilisation is associated with increased cardiovascular events and mortality 
[189], underscoring the importance of minimising SAM. In 2011 the FDA revised the 
simvastatin product label to curtail the use of simvastatin 80 mg because of the ele-
vated myotoxicity risk [190]. CPIC guidelines have been published regarding simvas-
tatin myotoxicity and SLCO1B1 [107]. Specifically, CPIC advocate that for patients 
already known to be carry at least one risk allele, a lower starting dose of simvastatin 
or an alternative statin is prescribed, and routine CK surveillance can be considered 
[107]. However, clinical uptake has been poor. Specific implementation barriers 
include: the general trend towards prescribing atorvastatin rather than simvastatin in 
both primary and secondary prevention settings, the rarity of statin-associated extreme 
myotoxicity (e.g. rhabdomyolysis) limiting awareness of individual clinicians to the 
problem, and the controversy regarding the frequency and aetiology of statin-associ-
ated mild myotoxicity. A QStatin risk score has been developed to predict statin 
myopathy, based on clinical risk factors and is of borderline clinical utility [191]. 
Therefore, it will be important to integrate SLCO1B1 genotype into this model to 
improve its predictive capability [192]. However, the positive predictive value of 
SLCO1B1 alone for simvastatin myopathy is only ~4% [192], and so further bio-
marker research is needed.

Although variants have been strongly associated with statin efficacy and have 
furthered mechanistic understanding, their individual and combined effect sizes are 
small. Furthermore, the ease of phenotyping lipid profiles and the current trend 
away from treating to lipid targets mean that they are unlikely to be of clinical utility 
until/unless such variants (likely with PK variants) can stratify patients according to 
the statin drug(s) predicted to give them the greatest LDL-C reduction.

5.4  Clopidogrel

5.4.1  Case Study

A 62-year old male Caucasian lorry driver is taken by ambulance to his local 
accident and emergency department, with a five-hour history of central, dull 
chest pain. The ECG performed on route showed ST-depression, which was 
confirmed in the anterolateral leads of his admission 12-lead ECG.  He has a 
background of hypertension and a diagnosis of type II diabetes within the last 
year. He takes metformin 1500 mg, gliclazide 160 mg, felodipine 5 mg, perin-
dopril 10 mg, and simvastatin 40 mg total daily. His high sensitivity troponin T 
(TrT) is substantially elevated and a diagnosis of non-ST elevation myocardial 
infarction is made. Early inpatient coronary angiography shows an occluded left 
anterior descending artery, which is successfully re-perfused and stented. He is 
subsequently discharged on dual antiplatelet therapy (DAPT) of aspirin 75 mg 
and clopidogrel 75 mg daily, alongside other secondary prevention medications 
(bisoprolol 5 mg daily and his simvastatin is switched for atorvastatin 80 mg). 

5 Pharmacogenetics and Pharmacogenomics in Cardiovascular Medicine and Surgery



144

Two weeks later he represents with crushing central chest pain; his TrT is high 
and coronary angiography demonstrates stent thrombosis (ST).

5.4.2  Overview

Clopidogrel is a second generation thienopyridine indicated to prevent atherothrom-
botic events in peripheral arterial disease (PAD), and following an ischaemic stroke, 
acute coronary syndrome (ACS) or percutaneous coronary intervention (PCI). 
Clopidogrel is a prodrug; ~15% of absorbed clopidogrel is oxidised in a two-step 
process involving CYP1A2, CYP3A4/5, CYP2B6, CYP2C9 and CYP2C19 via an 
intermediate, 2-oxo-clopidogrel. The resultant 5-thiol active species irreversibly 
inhibits platelet purinergic P2Y12 receptors leading to reduced adenosine diphos-
phate (ADP)-mediated platelet aggregation [193]. The remaining ~85% of absorbed 
clopidogrel is hydrolysed by CES1 into an inactive metabolite [193]. Despite stan-
dard DAPT, ~10% of ACS patients undergoing PCI suffer a recurrent cardiovascular 
event within one year [194], and up to ~25% are considered clopidogrel resistant 
according to experimental ex vivo platelet function testing [195]. Although defini-
tions of ex vivo high on-treatment platelet reactivity (HTPR) vary between studies, 
persistent HTPR in coronary artery disease (CAD) patients has been consistently 
associated with adverse cardiovascular outcomes [196, 197]. Clinical factors asso-
ciated with HTPR include older age, increased BMI, diabetes mellitus, and renal 
failure [197, 198]. In contrast, the utility of platelet function testing for aspirin 
remains unclear [199]. The main clopidogrel pharmacogenes are CYP2C19, CES1 
and ABCB1 (Table 5.5).

5.4.2.1  CYP2C19
CYP2C19 appears the dominant CYP responsible for clopidogrel bioactivation. 
CYP2C19*2 (rs4244285, c.681G>A, I331V) is the most common ROF allele, 
with a frequency of up to 35% in Asians and ~15% in Africans and Caucasians 
[200]. CYP2C19*3 (rs4986893, c.636G>A) is also relatively common in Asians, 
with a MAF of up to 9% [200]. At least 33 other CYP2C19 alleles have been 
described, but the majority are rare and/or of unknown functional significance 
[201]. CYP2C19*2 leads to a cryptic splice variant, and CYP2C19*3 encodes a 
premature stop codon [198]. CYP2C19 ROF alleles have been frequently associ-
ated with increased HTPR compared to wild-type (*1/*1) patients, and account 
for ~5–12% of observed variability in ADP-induced platelet aggregation [198], 
which is higher than for any other single known factor. CYP2C19*17 (rs12248560, 
c.-806C>T) is another allele common in Africans and Caucasians, but less so in 
East Asians, with MAFs of ~24, 22 and 1%, respectively. CYP2C19*17 is associ-
ated with increased CYP2C19 transcription, a modest gain-of-function [198], and 
has been associated with reduced HTPR [14]. CYP2C19 metabolizer phenotype 
is categorised into: extensive (normal, *1/*1), intermediate (ROF heterozygotes), 
poor (ROF homozygotes/compound heterozygotes) and ultra-rapid (CYP2C19*17 
carriers with no ROF allele).
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Table 5.5 Clopidogrel pharmacogenomics and clinical outcomes

Clinical Outcome Study Locus/Gene Variant(s) Effecta References
Replicated variants:
Stent thrombosis MA CYP2C19 *2, *3, *4 - *8 ROF alleles present 

vs. non-carriers: 
HR 2.81 (95% CI 
1.81, 4.37)

[209]

1 ROF allele vs. 
non-carriers: HR 
2.67 (95% CI 1.69, 
4.22)

[209]

2 ROF alleles vs. 
non-carriers: HR 
3.97 (95% CI 1.75, 
9.02)

[209]

Candidate gene/variants:
MACE in 
patients at high 
risk of MACE 
(e.g. requiring 
PCI)

MA CYP2C19 *2, *3, *4 - *8 ROF alleles present 
vs. non-carriers: 
HR 1.57 (95% CI 
1.13, 2.16)

[209]

1 ROF allele vs. 
non-carriers: HR 
1.55 (95% CI 1.11, 
2.27)

[209]

2 ROF alleles vs. 
non-carriers: HR 
1.76 (95% CI 1.24, 
2.50)

[209]

MACE MA CYP2C19 *17 HR 0.82 (95% CI 
0.72, 0.94)

[297]

MA ABCB1 3435C>T Early MACE T vs. 
C: OR 1.34 (95% 
CI 1.10, 1.62)
Long term MACE 
in patients on 
clopidogrel 300 mg 
daily T vs. C:
OR 1.28 (95% CI 
1.10, 1.48)

[214]

CG CES1 rs71647871 
(G143E)

After one year, 47 
of 344 143GG 
patients and 0 of 6 
143GE patients on 
clopidogrel had 
suffered MACE 
(NS)

[211]

(continued)
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Clinically, two small studies and a combined meta-analysis have reported that, in 
patients with PAD on clopidogrel, carrying CYP2C19*2 is associated with an 
increased risk of re-stenosis or occlusion of treated lesions [202, 203]. In stroke 
medicine, carrying CYP2C19 ROF alleles (*2 ± *3) has been associated with an 
increased risk of stroke recurrence in white patients with an index subcortical stroke 
(but not African-American or Spanish patients) [204], an increased risk of major 
adverse cardiovascular events (MACE) in Chinese stroke patients [205], and an 
increased risk of stroke and MACE in patients with an initial transient ischaemic 
attack or minor stroke [206]. However, in symptomatic intracranial atherosclerotic 
disease, CYP2C19 ROF alleles protected against MACE, which is the opposite 
direction of effect to what was expected [207].

Most primary clopidogrel-CYP2C19 studies to date though have focussed on 
cardiac disease and patients undergoing PCI. Within a 24 month period, 11 discor-
dant overlapping meta-analyses were published, leading to a recent systematic 
interrogation of the meta-analyses themselves [208]. Importantly, all 11 meta-
analyses reported a statistically significant increased risk of ST with CYP2C19 ROF 
alleles, although publication bias could not be ruled out in the three meta-analyses 
that examined it. For illustration, the Mega et al. meta-analysis found the HR of ST 
to be 1.55 (95% CI 1.11, 2.27) and 1.76 (95% CI 1.24, 2.50) in carriers of one or 
two CYP2C19 ROF alleles, respectively, suggesting a gene-dose trend [209]. 
However, there are contrasting results between meta-analyses for the risk of MACE 
associated with CYP2C19 ROF alleles, predominantly due to differences in how 
between-study heterogeneity and bias have been managed [208]. However, a narra-
tive assessment of some of the meta-analyses has led to the plausible observation 
that CYP2C19 genotype is likely relevant to clinical events in high risk patients (e.g. 
ACS patients undergoing PCI) but is clinically insignificant in lower risk groups 
(e.g. AF patients) [210]. Given the concerns over small-sample and publication 
biases [208], this hypothesis requires prospective validation. For CYP2C19*17, it is 
not associated with ST and has been inconsistently linked with increased bleeding 

Table 5.5 (continued)

Clinical Outcome Study Locus/Gene Variant(s) Effecta References
Re-stenosis/ 
occlusion of 
PAD lesion

MAb CYP2C19 *2 *2 vs. non-carriers; 
OR 5.40 (95% 
2.30, 12.70)

[202]

CG ABCB1 3435C>T TT vs. CT/CC: OR 
3.79 (95% CI 1.03, 
13.93)

[202]

CG candidate gene study, HR hazard ratio, MA meta-analysis, MACE major adverse cardiovascular 
event, NS not statistically significant, OR odds ratio, PAD peripheral artery disease, PCI percutane-
ous coronary intervention, ROF reduction-of-function allele/haplotype
aAll effects are statistically significant unless otherwise stated.
bThe association between CYP2C19*2 and re-stenosis/occlusion of treated peripheral lesions has 
been identified [203], replicated [202] and shown in meta-analysis [202]. However, due to the 
overall low number of patients in the two studies (n = 122 patients), it has been classified as a 
candidate association.
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[12]. In terms of the clinical case, it is plausible that the patient carried CYP2C19 
ROF alleles, increasing his risk of HTPR and ST with clopidogrel.

5.4.2.2  CES1
CES1 hydrolyses not only ~85% of absorbed clopidogrel, but also both the 2-oxo-
clopidogrel intermediate metabolite and the active species, all into inactive metabo-
lites [193]. Carrying the rare 143E variant of CES1 rs71647871 (G143E) has been 
associated with impaired in vitro hydrolysis of clopidogrel and 2-oxo-clopidogrel 
[193], increased levels of circulating clopidogrel active metabolite in volunteers, 
reduced ex vivo ADP-induced platelet aggregation in volunteers and patients with 
CAD on clopidogrel, and a trend for reduced cardiovascular events, albeit in an 
underpowered comparison [211].

5.4.2.3  ABCB1
The TT genotype of the common synonymous ABCB1 variant rs1045642 (3435C>T) 
is associated with lower clopidogrel, 2-oxo-clopidogrel and active metabolite sys-
temic levels, due to increased intestinal efflux [212, 213]. In PAD, after controlling 
for the presence of CYP2C19 ROF alleles, 3435TT patients had an increased risk of 
re-stenosis or occlusion of the treated lesions [202]. A meta-analysis of patients with 
CAD has indicated that the T allele of ABCB1 3435C>T may be associated with an 
increased risk of MACE, but no associations were detected for ST or HTPR [214].

5.4.3  Newer P2Y12 Antagonists

Prasugrel is a third generation thienopyridine indicated in the prevention of athero-
thrombotic events in patients with ACS undergoing PCI, alongside aspirin. Prasugrel 
is a prodrug hydrolysed initially by carboxylesterases to thiolactone [215], and then 
undergoes a single hepatic CYP-mediated oxidative step to form the active metabo-
lite, which irreversibly inhibits P2Y12 receptors [216]. The CYP metabolism is 
mainly by CYP3A4/CYP2B6 and to a lesser degree by CYP2C9/CYP2C19 [198]. 
Prasugrel consistently produces greater inhibition of platelet aggregation than clopi-
dogrel [217]. Neither common CYP variants [218] nor ABCB1 3435C>T [219] have 
been associated with prasugrel active metabolite levels or cardiovascular events. 
Furthermore, no association between the rs662 (Q192R) variant of PON1, which 
encodes paraoxonase 1, and prasugrel levels or clinical outcomes have been found 
[220]. These observations mirror the confirmed lack of influence of PON1 Q192R 
on clopidogrel interindividual variability [220].

There are different laboratory techniques to determine platelet function; the 
platelet reactivity index vasodilator-stimulated phosphoprotein (PRI VASP) assay is 
a novel and highly specific test for P2Y12 inhibition [221]. Interestingly, unlike other 
assays, CYP2C19*2 and *17 are associated with HTPR and low on-treatment plate-
let reactivity (LTPR), respectively, in prasugrel-treated patients when measured by 
PRI VASP [217, 221]. Furthermore, an increased risk of bleeding was associated 
with prasugrel LTPR [217, 221]. Although these findings require replication by a 
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different research team, they highlight the discordance between platelet function 
assays and the need for standardisation.

Ticagrelor is a novel cyclopentyltriazolopyrimidine antiplatelet drug indicated 
with aspirin for the prevention of atherothrombotic events in patients after an 
ACS. Ticagrelor reversibly and non-competitively inhibits P2Y12 receptors without 
requirement for bioactivation. CYP3A4/5 convert ticagrelor to its major active 
metabolite, AR-C124910XX (ARC) [222, 223]. Candidate gene analysis in the 
PLATO RCT genetic sub-study confirmed that CYP2C19 ROF alleles, *17, and 
ABCB1 3435C>T do not influence ticagrelor efficacy [224]. However, a recent 
GWAS involving the ticagrelor-treated patients within this PLATO sub-study has 
implicated SLCO1B1, the CYP3A4 region and UGT2B7 [223]. The SLCO1B1 SNP, 
rs113681054, surpassed the genome-wide significance threshold in relation to ARC 
plasma levels and is in LD with non-synonymous SLCO1B1 rs4149056 (V174A); 
the minor alleles of both SNPs were found alongside increased circulating ARC and 
ticagrelor. A rare UGT2B7 variant, rs61361928 (137T>C, L46P) was significantly 
associated with higher levels of ARC, but not ticagrelor, by GWAS. Finally, GWAS 
identified SNPs in the CYP3A4 locus associated with elevated ticagrelor, but not 
ARC, concentrations [223]. However, none of these PK variants were associated 
with MACE, or the ticagrelor ADRs of bleeding or dyspnoea [223].

Cangrelor is a recently licensed intravenous reversible P2Y12 antagonist indi-
cated in DAPT in patients with CAD undergoing PCI in whom oral P2Y12 antago-
nists have not been administered and are unsuitable. Currently, little is known 
regarding cangrelor pharmacogenomics.

5.4.4  Clinical Utility

Clopidogrel is an ideal candidate for pharmacogenomics intervention because it has 
several indications and is widely used, the atherothrombotic consequences of inef-
fective clopidogrel can be permanent and life-threatening, and alternative antiplate-
let agents exist. Furthermore, the alternative oral drugs (prasugrel, ticagrelor) are 
more expensive, associated with increased bleeding compared to clopidogrel [222], 
and their superior effectiveness in ACS patients appears to be reduced in CYP2C19 
extensive metabolisers [200, 225]. Therefore, stratification of antiplatelet therapy 
will likely improve the benefit: risk profile of antiplatelet therapy.

In 2010, the FDA added a boxed warning to the clopidogrel drug label stating 
that clopidogrel has decreased effectiveness in CYP2C19 poor metabolisers and 
alternative treatments should be considered [226]. Joint guidelines from the 
American College of Cardiology (ACC) and the American Heart Association 
(AHA) have addressed the CYP2C19-clopidogrel interaction; the guideline for PCI 
advises against routine CYP2C19 genotyping, but suggests a potential role for 
genetic testing in patients undergoing high risk elective procedures (e.g. complex 
atherosclerotic disease) [227]. The CPIC guidelines recommend that in ACS/PCI 
patients, in whom CYP2C19 genotype is already known, an alternative antiplatelet 
agent is prescribed in intermediate and poor CYP2C19 metabolisers [200].
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Overall, the evidence associating CYP2C19 genotype with ST in clopidogrel-
treated patients is strong, but the association with MACE remains disputed. At least 
one RCT investigating the controlled, prospective, clinical utility of genotype-
informed antiplatelet prescribing in higher- risk patients (Tailored Antiplatelet 
Therapy Following PCI [TAILOR-PCI]), is ongoing [228]. This RCT is powered 
for clinical outcomes, and in the intervention arm, patients with CYP2C19*2 or *3 
receive ticagrelor in place of clopidogrel. Interestingly, a recent algorithm has been 
published that integrates CYP2C19 genotype and CYP2C19 metabolised co-
medications to predict optimal clopidogrel doses [229], which may further help 
drug selection. Further research into the clinical impacts of CES1, ABCB1 and 
CYP2C19*17 is warranted.

5.4.5  Beta-Blockers

Beta-adrenoreceptor (β-AR) antagonists (βBs) are indicated in multiple CVDs 
including hypertension, angina pectoris, ACS, chronic heart failure and arrhyth-
mias. The pharmacogenomics of βBs in hypertension is highlighted here (Table 5.6). 
Hypertension is both the most common modifiable risk factor for global disease 
burden and the most common chronic condition for which drugs are prescribed 
[230]. Antihypertensive drugs significantly reduce morbidity and mortality [230]. 
However, only ~50% of patients reach appropriate blood pressure control [231]. 
Multiple therapeutic drug classes are available to manage hypertension, although 
the choice of drug and dose is generally through empirical trial-and-error, which can 
demotivate patients [230]. Except for select populations (e.g. women of child-
bearing potential), βBs are not preferred initial therapy for hypertension and are 
currently fourth-line drugs [232], largely due to efficacy and safety concerns 

Table 5.6 Beta blocker pharmacogenomics and clinical outcomes in hypertensive patients

Study Locus/gene Variant(s)
Beta 
blocker

Clinical 
outcome Effecta References

Top associations:

CVD 
gene 
array

SIGLEC12
A1BG
F5

rs16982743 
(Q29Stop)
rs893184 
(H54R)
rs4525 
(H865R)

Atenolol MACE A genetic risk score was 
constructed and 
replicated. One point was 
given for each genotype 
associated with a higher 
risk of MACE with CCBs 
vs. βBs.
– With low (0,1) scores, 
CCBs had a lower risk of 
MACE vs. βBs: OR 0.60 
(95% CI 0.42, 0.86);
– With higher scores [2, 
3], CCBs had an 
increased risk of MACE 
vs. βBs: OR 1.31 (95% CI 
1.08, 1.59)

[255]

(continued)
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Table 5.6 (continued)

Study Locus/gene Variant(s)
Beta 
blocker

Clinical 
outcome Effecta References

CG ADRB1 rs1801253 
(1165G>C, 
R389G), 
rs1801252 
(145A>G, 
S49G)

Metoprolol BP (a) RR389 had 8.6 mmHg 
greater metoprolol-
induced reduction in DBP 
than 389G carriers
(b) S49-R389/S49-R389 
had 14.7 mmHg 
metoprolol-induced DBP 
reduction vs. 0.5 mmHg 
in 49G-R389/S49-389G

[233]

CG Carvedilol BP (a) RR389 had 
10.61 mmHg carvedilol-
induced DBP reduction 
vs. 2.62 mmHg in 389GG
(b) 49G-R389/S49-R389 
had 16.11 mmHg 
carvedilol-induced DBP 
reduction vs. 2.83 mmHg 
in S49-389G/S49-389G

[234]

CG Atenolol Death Increased risk of mortality 
in S49-R389 carriers:
– on verapamil: OR 8.58 
(95% CI 2.06, 35.8, 
p = 0.003)
– NS on atenolol: OR 
2.31 (95% CI 0.82, 6.55, 
p = 0.11)

[238]

CG GRK4 rs1024323 
(C>T, 
A142V)

Metoprolol BP With each 142 V variant 
allele, there was an 
increased likelihood of 
reaching a metoprolol-
induced MAP of 
≤107 mmHg in 
African-American men: 
HR 1.54 (95% CI 1.11, 
2.44)

[244]

CG rs2960306 
(G>A, 
R65L), 
rs1024323 
(C>T, 
A142V)

Atenolol BP – 0, 1 and 2 copies of the 
variant 65 L-142 V 
haplotype had atenolol-
induced reductions in 
DBP of 9.1, 6.8 and 5.3 
mmHg, respectively.
– The 65 L-142 V 
haplotype was not 
associated with BP 
reduction in 
hydrochlorothiazide-
treated patients

[243]

CG Antihyper-
tensive 
drugs

BP Increased number of 
antihypertensive drugs 
required in 65 L/65 L-142 
V/142 V patients to reach 
the same MAP compared 
to other haplotypes

[246]

R.M. Turner and S.M. Pirmohamed



151

Study Locus/gene Variant(s)
Beta 
blocker

Clinical 
outcome Effecta References

Candidate gene/variants:

GWAS ACY3 3 SNPs 
in locus. Top 
SNP is 
rs2514036 
(G>A)

Bisoprolol BP For each minor allele, 
there was a 5.4 mmHg 
reduction in 24-hour 
ambulatory SBP on 
bisoprolol

[253]

CG CYP2D6 *4 Metoprolol Heart rate *4/*4 had 8.5 beats/min 
lower heart rate than 
*1/*1

[247]

Metoprolol BP *4/*4 had 5.4 mmHg 
lower DBP than *1/*1

Metoprolol Bradycardia *4/*4 vs. *1/*1: OR 3.86 
(95% CI 1.68, 8.86)

CG PM (any 2 
of: *3, *4, 
*5, *6)

Metoprolol Adverse 
events

Metoprolol-treated 
patients experiencing 
adverse events were ~5× 
more likely to be a 
CYP2D6 PM than the 
general public

[250]

CG NR1H3 rs2279238 
(C>T)

Atenolol MACE In minor T allele carriers, 
increased risk of MACE 
with verapamil, but not 
with atenolol

[254]

BP blood pressure, CG candidate gene study, CVD cardiovascular disease, DBP diastolic blood pressure, GWAS 
genome-wide association study, HR hazard ratio, MACE major adverse cardiovascular event, MAP mean arterial 
pressure, NS not statistically significant, OR odds ratio, PM poor metabolizer, SBP systolic blood pressure
aAll effects are statistically significant unless otherwise stated

Table 5.6 (continued)

originating from atenolol trials. However, the high prevalence of hypertension and 
multi-drug strategies often required for adequate blood pressure control mean that 
βB treatment for hypertension still occurs, and thus remains clinically relevant.

5.4.5.1  ADRB1
ADRB1 encodes the β1-AR, which is the predominant cardiomyocyte β-AR sub-
type and mediates the physiological response to noradrenaline, and to a lesser 
extent adrenaline [230]. The majority of βBs used in hypertension preferentially 
inhibit the β1-AR (e.g. atenolol, bisoprolol, metoprolol), although non-selective β1 
/β2-AR inhibitors (e.g. propranolol, carvedilol) are also used. ADRB1 has two 
common non-synonymous polymorphisms, which are considered functional: 
rs1801252 (145A>G, S49G) and rs1801253 (1165G>C, R389G). Some studies 
[233–236], but not all [237], have found that hypertensive patients with the RR389 
genotype, or R389-S49 haplotype, have greater βB-mediated blood pressure 
reductions. Furthermore, patients with hypertension and CAD carrying the 
R389-S49 haplotype have an increased risk of mortality, which is statistically 
significant in patients on verapamil but not for those on atenolol, suggesting a βB 
protective influence [238].
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RR389 human non-failing left ventricular membranes have a higher affinity for 
noradrenaline than membranes expressing the 389G β1-AR [239]. The R389 β1-AR 
is also associated with enhanced agonist-mediated coupling to the second messen-
ger, adenylyl cyclase, and greater downstream signalling [240]. The S49 allele is 
associated with reduced receptor internalisation, compared to 49G, resulting in 
increased signalling [241]. However, R389G has a larger effect and may abstruse 
S49G [241]. A large GWAS meta-analysis has confirmed that R389G contributes to 
blood pressure traits, with the R389 allele linked to higher blood pressure and 
increased frequency of hypertension [242]. Therefore it is biologically plausible 
that the impact of βBs will be greater in patients with wild-type R389, and perhaps 
S49, because these alleles exhibit enhanced agonist sensitivity [230].

5.4.5.2  GRK4
GRK4 encodes guanine nucleotide-binding protein (G protein)-coupled receptor 
kinase 4, which targets activated G protein–coupled receptors (GPCRs) for 
phosphorylation, including the dopamine receptor and potentially the β1-AR, in 
order to inactivate them [243]. The variant alleles of the non-synonymous GRK4 
SNPs, rs2960306 (R65L), rs1024323 (A142V) and rs1801058 (A486V) are in 
moderate LD [244]; they exhibit a gain-of-function and so enhance GRK4-
mediated GPCR desensitization [245], which plausibly could diminish the like-
lihood of hypertension but also βB efficacy. 65L and 142V have been associated 
with reduced atenolol-induced diastolic blood pressure (DBP) lowering, and 
furthermore there is a gene-dose trend with increasing copies of the 65L-142V 
haplotype incrementally reducing DBP response to atenolol [243]. 65L, 142V 
and 486V are all associated with increased MACE [243]. Although this associa-
tion was independent of treatment for 65L and 142V, 486V carried a signifi-
cantly increased MACE risk in patients on verapamil, but not those on atenolol 
[243]. A potential interaction between ADRB1 R389G and GRK4 variants has 
also been suggested [243], and patients double homozygous for 65L and 142V 
appear to require a larger number of antihypertensive drugs [246]. In contrast 
though, another study found that 142V was associated with an improved propor-
tion of African-American men on metoprolol reaching a target mean arterial 
pressure (≤107 mmHg) [244].

5.4.5.3  CYP2D6
The racemate βB, metoprolol, is metabolized by polymorphic CYP2D6. CYP2D6*4 
(rs3892097, 1846G>A) is the most common non-functional allele, and results from 
a splicing defect, although several other non-functional CYP2D6 alleles have also 
been identified (e.g. *3, *5, *6) [247]. Approximately ~2–5% of African-Americans, 
<1% of Asians and ~6–10% of Caucasians are poor metabolizers [248]. Poor, and 
to a lesser extent intermediate metabolizers have increased systemic exposure to 
both metoprolol enantiomers [249]. However, whilst some studies have reported 
that CYP2D6 poor metabolizers have a lower DBP [247] and an increased risk of 
bradycardia [247] and adverse events [250] on metoprolol, other studies have found 
no association [235, 251].
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5.4.6  Clinical Utility

There is relatively strong evidence for a pharmacogenomic association between 
ADRB1 R389G and βB response in hypertension. The metoprolol drug label high-
lights the impact of CYP2D6 genotype on metoprolol PK, although currently it 
considers CYP2D6-dependent metabolism to have little or no effect on metoprolol 
efficacy or tolerability [252]. Other candidate pharmacogenomic genes that require 
(drug-specific) replication have been identified, including ACY3 [253] and NR1H3 
[254] (Table 5.6). Overall though, hypertension pharmacogenomics studies to date 
have had small to moderate sample sizes, selected different endpoints (e.g. systolic/
diastolic/mean blood pressure), often included multiple drugs, and produced incon-
sistent results. One interesting recent development is the identification and replica-
tion of a pharmacogenomic risk score, based on three non-synonymous novel 
hypertension pharmacogenomic SNPs: rs16982743 (SIGLEC12, sialic acid binding 
Ig-like lectin 12), rs893184 (A1BG, alpha-1-B glycoprotein) and rs4525 (F5, coag-
ulation factor V) [255]. One point was given for each genotype associated with a 
higher risk of MACE in patients treated with a calcium channel blocker compared 
to a βB. Consequently, the risk of MACE was significantly lower in patients with a 
higher genetic risk score treated with a βB rather than a calcium channel blocker 
[255]. Further research is required to confirm or refute candidate signals, prospec-
tively test this genetic risk score or subsequent iteration, and to integrate βB hyper-
tension pharmacogenomics with the ongoing pharmacogenomics research of other 
antihypertensive drugs, including diuretics and ACEIs [256].

5.5  Antiarrhythmics

5.5.1  Atrial Fibrillation

AF is the most prevalent sustained cardiac arrhythmia requiring treatment, and has 
a substantial socioeconomic impact [257]. Despite advances in catheter-mediated 
ablation and pacemakers, drugs remain the mainstay of therapy. Both rate and 
rhythm pharmacological control methods are used; overall these strategies appear 
equivalently effective [258]. However, a rhythm control strategy using antiarrhyth-
mic drugs is often required in patients with intolerable AF symptoms, and may be 
more widely applicable because sinus rhythm itself is associated with an improved 
prognosis [257]. On the other hand, rhythm control is also associated with more 
adverse events, which may offset at the population level any beneficial antiarrhyth-
mic drug effects [259]. Identification of patient subgroups most likely to benefit 
from an antiarrhythmic drug strategy would improve AF management.

A recent candidate gene study identified and confirmed that the wild-type allele 
of rs10033464, a SNP at chromosome locus 4q25, is predictive of maintaining suc-
cessful rhythm control [260]. Furthermore, rs10033464 wild-type homozygotes had 
better AF rhythm control with Vaughan Williams class III antiarrhythmic drugs (e.g. 
amiodarone), whereas variant allele carriers responded better to class I drugs (e.g. 
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flecainide), suggesting a potential pharmacogenomics effect [260]. Variants at the 
4q25 locus have also been associated with AF recurrence after direct current cardio-
version [261], and both AF recurrence and AF/atrial tachycardia recurrence after 
catheter ablation [262, 263]. In GWAS’, the strongest signals consistently associ-
ated with AF itself are from the 4q25 locus. Although its functional role remains 
unclear, 4q25 may encompass cis-regulatory elements involved in regulating nearby 
genes including PITX2 [264]. PITX2 encodes paired-like homeodomain transcrip-
tion factor 2. It has been shown to have a role in embryonic left-right asymmetry 
and cardiac development including the development of the pulmonary vein myocar-
dium, which is a major source for arrhythmogenic AF foci [265]. Interestingly, a 
rare PITX2 mutation (Q102L) has also recently been associated with congenital 
heart diseases, including tetralogy of Fallot [266, 267].

5.5.2  Torsade de Pointes

Drug-induced symptomatic ventricular arrhythmias are unpredictable, rare, life 
threatening and a leading cause of drug withdrawal from the market. The long QT 
syndrome (LQTS) is asymptomatic, results from cardiac repolarization prolonga-
tion, is diagnosed by ECG, and importantly can descend into Torsade de Pointes 
(TdP). Both congenital (cLQTS) and acquired causes for LQTS exist, and the latter 
includes drug-induced LQTS (DiLQTS). The cardiac repolarization prolongation in 
most DiLQTS results from drug-induced disruption to the IKr current, through 
blockade of its requisite cardiac Kv11.1 potassium channel, whose subunits are 
encoded by KCNH2 (also termed HERG) [268]. TdP is a rare complication of 
LQTS, is a stereotyped polymorphic ventricular tachycardia, and is potentially fatal. 
Most drug-induced TdP (DiTdP) is related to antiarrhythmic drugs (e.g. procain-
amide, disopyramide, and quinidine). Multiple non-cardiovascular drugs have also 
been associated with LQTS, although only a minority lead to DiTdP (e.g. domperi-
done, erythromycin). Although risk of DiTdP can be dose-dependent (e.g. with 
sotalol), for several drugs it occurs at low concentrations unpredictably (e.g. with 
quinidine) [269]. For antiarrhythmic drugs, DiTdP is thought to occur in ~1–3% of 
(hospitalised) patients, but the risk is dramatically lower for QT-prolonging non-
cardiovascular drugs [269, 270]. Clinical LQTS risk factors include electrolyte 
imbalances (e.g. hypokalaemia), female sex, increasing age and structural heart 
disease.

The most common causes of cLQTS are due to mutations in KCNQ1 (encoding 
the Kv7.1 potassium channel subunit), KCNH2 and SCN5A (encoding the Nav1.5 
cardiac sodium channel). However, the mutations are incompletely penetrant, and 
cases of family members harbouring these mutations but not developing TdP until 
after drug exposure are known [271]. Therefore the concept of a ‘reduced repolar-
ization reserve’ has been proposed. This theorem suggests that cardiac repolarisa-
tion has inbuilt redundancy and so an individual’s risk of DiLQTS (and DiTdP) is 
determined by their combination of genetic, clinical and drug risk factors, which 
summate to overwhelm this redundancy [268, 272].
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A large candidate gene pharmacogenomics study found a suggestive association 
between rs1805128 (D85N) in KCNE1 and an increased risk of DiTdP in patients taking 
a QT-prolonging medication, compared to drug-tolerant and population controls [273]. 
KCNE1 rs1805128 has a MAF of ~1–2% in Caucasians, but is less frequent in other 
ethnicities. Rare KCNE1 mutations cause ~1% of cLQTS [274], KCNE1 modulates the 
activity of KCNQ1, and 85N is expected to reduce IKs and so decrease repolarization 
reserve [268]. A large GWAS meta-analysis has identified 35 loci that collectively 
account for ~8–10% of observed QT-interval variability in the general population; the 
two loci associated with the largest QT-interval increases were KCNE1 and NOS1AP 
[275]. NOS1AP encodes nitric oxide synthase 1 adapter protein. Although its role in 
cardiac electrophysiology remains unclear, common variants in NOS1AP have been 
associated with amiodarone-related LQTS/TdP in Caucasians by candidate gene analy-
sis (Caucasian MAFs ~18–30%) [276]. However, a subsequent GWAS in Caucasians 
found no genome-wide significant signals associated with DiTdP [277]. This DiTdP 
GWAS had an 80% power to detect a variant at genome-wide significance with a MAF 
of 10% and OR of ≥2.7, which contests that common variants do not contribute substan-
tively to DiTdP across multiple drugs, at least in Caucasians [277].

A NGS study has found an increased prevalence of novel rare variants within 22 
congenital arrhythmia genes, including the 13 identified cLQTS genes, in Caucasian 
DiTdP patients [278]. Most recently, Caucasian DiLQTS/TdP patients and drug-
tolerant controls have been compared using whole-exome sequencing with rare 
variant bioinformatics [279]. The analyses implicated rare variants within KCNE1 
and ACN9 in DiLQTS, validated KCNE1 D85N, and determined that DiLQTS 
patients have an increased burden of rare non-synonymous variants within a pre-
defined set of seven cLQTS potassium channel and channel modulatory genes 
[279]. ACN9 is thought to be involved in gluconeogenesis, but its functional rela-
tionship to DiLQTS/TdP remains unknown.

In African-American patients, rs7626962 (S1103Y) in SCN5A has been impli-
cated by candidate gene analysis in arrhythmias including DITdP [280]. S1103Y 
has a MAF ~5–10% in those of African descent, but is rare in other ethnicities.

5.5.3  Clinical Utility

The pharmacogenomic variants associated with AF and DiLQTS/TdP remain 
largely in the discovery stage, and require further validation and investigations with 
patients of different ethnicities. Whilst common variation may be involved in AF 
pharmacogenomics, low frequency and rare variants in cardiac electrophysiology 
genes have been implicated as DiLQTS/TdP genetic susceptibility factors. 
Importantly, clinical decision support systems are being pioneered that utilise elec-
tronic health record clinical information to reduce prescriptions of known 
QT-prolonging drugs in patients identified at risk of DiLQTS/TdP [281, 282]. As 
patient sequencing becomes more commonplace, it is conceivable that a patient’s 
rare variant (predicted) deleterious burden within implicated genes could be inte-
grated into these support systems to refine DiLQTS/TdP risk predictions.
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5.6  Renin-Angiotensin System Inhibitors

ACEIs antagonise the renin-angiotensin-aldosterone system (RAAS) by inhibiting 
the conversion of angiotensin I to angiotensin II, and are used in hypertension, ACS, 
chronic heart failure, diabetic nephropathy, and scleroderma with renal involve-
ment. In patients intolerant to ACEIs, angiotensin II receptor blockers (ARBs) are 
an alternative.

The most commonly studied ACEI/ARB candidate variant is the 287-base pair 
Alu repeat insertion/deletion element within the ACE gene (rs4646994, ACE I/D); 
the D allele is associated with increased ACE activity. The role of ACE I/D in ACEI/
ARB pharmacogenomics is disputed though due to conflicting results. On the one 
hand, for example, a recent non-randomized candidate gene study of CAD patients 
in Taiwan with 12 years of follow up reported that the ACE D allele is associated 
with an increased risk of MACE, and a pharmacogenomic interaction with ACEIs 
was detected [283]. Furthermore, a pharmacogenomic risk score composed of ACE 
I/D and rs5186 (1166A>C) in AGTR1, which encodes the angiotensin II type I 
receptor, could categorise patients according to ACEI treatment response [283]. On 
the other hand, a candidate genetic RCT sub-study found no association between 
ACE I/D and MACE during 4.2 years of follow up in stable CAD Caucasian patients 
on perindopril [284]. However, they also developed a pharmacogenomic risk score 
for MACE constructed from three SNPs (rs275651 and rs5182  in AGTR1, and 
rs12050217  in BK1). Similarly, this risk score could stratify treatment response 
[284]. BK1 encodes the bradykinin type I receptor and is involved in the kallikrein-
bradykinin pathway. Furthermore, this latter risk score has recently been used 
alongside a clinical risk score to further sub-categorize response to perindopril 
[285]. Overall, these advances are promising, but require external validation. 
Additional large studies that give consideration for ethnicity, the specific ACEI/
ARB investigated, and employ whole genome agnostic approaches are needed to 
clarify the role of ACE I/D and identify new variants.

Notable ADRs associated with ACEIs are a dry cough, and angioedema, which 
is rare but serious. No association was found in a meta-analysis between ACE I/D 
and ACEI cough [286]. A recent GWAS identified no genome-wide significant sig-
nals with ACEI angioedema [287]. However, two SNPs (rs500766 in PRKCQ, and 
rs2724635 in ETV6) modestly associated with ACEI angioedema were replicated in 
a separate cohort [287]. PRKCQ and ETV6 encode protein kinase C θ and transcrip-
tion factor ETV6, respectively, and both are involved in immune regulation [287].

 Conclusion
Intensive research, fuelled by advances in technical and bioinformatic capabili-
ties and increased international collaborative working, has greatly increased our 
understanding of CVD genomics and cardiovascular drug pharmacogenomics 
over the last decade. The evidence underpinning the clinical utility of warfarin 
pharmacogenomics, at least in Caucasian patients in European healthcare set-
tings, is strong. Ongoing pharmacogenomic trials with warfarin [288] and clopi-
dogrel [228] powered for clinical endpoints are expected to provide further 
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clarity. The validated simvastatin myotoxicity-SLCO1B1 rs4149056 association 
has already led to a change in practice through reduced simvastatin 80 mg pre-
scribing. However, it is unlikely alone to be sufficiently predictive for clinical 
adoption. Further research is required to validate and determine the clinical util-
ity of identified pharmacogenomic variants associated with DOACs, βBs, antiar-
rhythmics and ACEIs.

Although widespread uptake of cardiovascular pharmacogenomics has yet to 
occur, early adopter sites, principally in the US, have implemented specific car-
diovascular drug-gene associations into practice [289, 290]. The solutions they 
have used to straddle the implementation hurdles and the ensuing long term real 
world results will provide additional experience and data. If the results are favour-
able and generalizable, broader adoption of pharmacogenomics is likely. In 
Europe, a study is underway to implement pre-emptive pharmacogenomics test-
ing via a panel of 50 variants to guide the prescribing of 42 drugs, including car-
diovascular prescriptions. This study will assess the impact of this intervention on 
the collective incidence and severity of subsequent ADRs (http://upgx.eu/).

Moving forward, the integration of multi-omics data alongside genomics 
information is anticipated to both increase our understanding of drug mecha-
nisms of action and further parse interindividual drug response variability. Most 
cardiovascular drugs are administered orally. It is already known that the inacti-
vation of digoxin is influenced by gut flora [291], and a gut flora derived metabo-
lite, trimethylamine N-oxide (TMAO), has been recently associated with 
increased MACE risk [292]. Therefore, it is anticipated that cardiovascular drug-
gut microbiome interactions are likely to be increasingly recognised, character-
ised, and potentially integrated with genomic and other predictors of drug 
response variability. Furthermore, although not covered here, a pharmacoge-
nomic RCT (Genetically Targeted Therapy for the Prevention of Symptomatic 
Atrial Fibrillation in Patients With Heart Failure (GENETIC-AF [GENETIC-AF]) 
is currently recruiting participants to assess whether a novel beta blocker drug, 
bucindolol, is effective at reducing atrial arrhythmias and mortality in a geneti-
cally determined subset of heart failure patients [293]. Therefore, pharmacoge-
nomics is beginning to shape both the clinical use of established cardiovascular 
drugs and cardiovascular drug development. It is an exciting time, although there 
remains much to do.
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6Congenital Cardiovascular Disorders
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Abstract
Congenital heart disease (CHD) is defined as an abnormality of cardiovascular 
development leading to structural and/or functional problems that can affect the 
individual at any stage from fetal to adult life. It also encompasses abnormalities 
encountered in postnatal adaptation, such as persistence of the ductus arteriosus. 
Cardiovascular abnormalities, as a group, are the most common cause of con-
genital anomaly and account for around 1% of live births.

Keywords
Congenital heart disease • Genetic testing • Fluorescent in-situ hybridisation  
Array comparative genomic hybridisation • Genetic assessment

6.1  Introduction

Congenital heart disease (CHD) is defined as an abnormality of cardiovascular 
development leading to structural and/or functional problems that can affect the 
individual at any stage from fetal to adult life. It also encompasses abnormalities 
encountered in postnatal adaptation, such as persistence of the ductus arteriosus. 
Cardiovascular abnormalities, as a group, are the most common cause of congenital 
anomaly and account for around 1% of live births [1, 2]. If bicuspid aortic valve is 
included as a CHD condition the incidence rises to around 2% [3]. CHD in its most 
severe forms has a significant disease burden. It is implicated in 10% of stillbirths 
[4], and, apart from prematurity, CHD is the leading cause of neonatal death, 
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accounting for 4.2% of cases [5]. Nearly half of deaths due to CHD occur during the 
first year of life [6]. For individuals born with critical CHD, the 1-year survival is 
estimated at 75%, whereas 97% of infants with non-critical CHD survive the first 
year [7]. Advances in the diagnosis and management this group of conditions have 
meant that over 85% of babies born with CHD will now survive to adult life [8]. 
This has implications for health care professionals caring for this rising cohort of 
survivors, most of whom will go on to have children of their own.

Various studies have attempted to determine the aetiology of CHD, and, although 
most cases are sporadic, a variety of environmental risk factors are recognised 
(Table 6.1). Genetic factors have also been implicated. Developments in molecular 
techniques and sequencing of the human genome have provided more advanced 
insights into genetic aetiology of CHD. Animal models have helped to elucidate 
some of the structural genes that are critical to cardiac development. Along with 
this, a variety of transcriptional regulators and signalling molecules have been iden-
tified. In humans the precise role of these genes and their associated molecular regu-
lators is still under investigation. It is likely the environmental factors identified in 
the aetiology of CHD are having their influence through an effect on subcellular 
mechanisms that affect cardiac development.

In this chapter there will be a simple overview of the known genetic causes and 
associations in CHD.  These will include conditions with abnormal numbers of 
chromosomes (aneuploidy), the microdeletion syndromes with known cardiac 
implications, and conditions where point mutations are associated with structural 
heart disease in the young. The role of copy number variants, single nucleotide 
polymorphisms and epigenetics in the aetiology of CHD will be touched upon. 
There will also be an exploration of the approach to the clinical and genetic assess-
ment of a patient with CHD.

6.2  Genetic Testing

The techniques for assessing for genetic abnormalities include cytogenetics, DNA 
mutation analysis, exome sequencing and whole genome sequencing. Cytogenetic tech-
niques include karyotyping, high resolution banding, fluorescent in-situ hybridisation 

Table 6.1 Environmental risk factors for CHD [9–11]

Infectious agents Rubella
Maternal drug exposure 
(non-prescribed)

Alcohol, cannabis/marijuana, cocaine, tobacco

Maternal drug exposure 
(prescribed)

Anti-epileptic medication, anti-retroviral medication, isotretinoin, 
lithium

Maternal health 
problems

Non-gestational diabetes, stress and bereavement, underweight, 
obesity ± hypercholesterolaemia, phenylketonuria

Maternal toxin exposure Dioxins, industrial chemicals and solvents, pesticides, 
polychlorinated biphenyls, proximity to waste site

Paternal drug exposure 
(non-prescribed)

Cannabis/marijuana, cocaine, tobacco

Paternal toxin exposure Industrial chemicals and solvents, proximity to waste site
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(FISH), subtelomeric FISH, and comparative genomic hybridisation (known as array 
CGH). DNA mutation analysis is available for a select number of conditions. More 
recently, whole exome and whole genome sequencing are moving from being a 
research tool to tests used more widely in the clinical arena.

6.2.1  Aneuploidy and Karyotyping

For many years, karyotyping was one of the few tools available to assess the genetic 
causes of CHD. Aneuploidy is the presence of an abnormal number of chromo-
somes in a cell, i.e. a chromosome is missing or an extra copy or copies are present. 
Aneuploidy may be identified using standard karyotyping (Fig. 6.1). The resolution 
of karyotype is low and structural abnormalities in the chromosome of less than 
5–10 Mb in size are not normally identified. Karyotyping is therefore of limited 
value in trying to ascertain the genetic cause of CHD. The common clinical features 
and cardiac problems seen in human aneuploidy are set out in Tables 6.2 and 6.3.

6.2.2  Fluorescent In-Situ Hybridisation (FISH)

More than two decades ago FISH analysis was introduced into clinical practice. This 
permitted assessment of the presence of submicroscopic structural chromosomal 
abnormalities using targeted probes (Fig. 6.2). Because of the targeted nature of the 
probes employed, there needed to be a fairly accurate clinical assessment of the likely 
problem, however, this technique has allowed clinicians to make a molecular diagno-
sis for a small number of microdeletion and microduplication syndromes associated 

1 2 3 4 5

6 7 8
9 10 11 12

13 14
15

16 17 18

19 20 21

Courtesy of the All-Wales Genetics Laboratory

22 Y X

Fig. 6.1 Female karyotype in a child with Down syndrome showing (arrow) aneuploidy of chro-
mosome 21 (Trisomy 21). Courtesy of the All-Wales Genetics Laboratory
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Table 6.2 Aneuploidy in clinical practicea

Chromosome anomaly and name of 
syndrome (CHD incidence)

Associated cardiac 
problems Common clinical features

XO
Monosomy X
Turner syndrome
(Up to 25% affected)

BAV
CoA
Thoracic aortic 
aneurysm ± dissection
HLHS

Short stature
Webbed neck
Fetal cystic hygroma
Streak ovaries with reduced 
fertility
Lymphoedema

XXY
Klinefelter syndrome
(Up to 50% affected)

MVP
PDA
ToF
Ebstein anomaly

Tall stature
Delayed or incomplete puberty
Learning disability
Behavioural problems

Trisomy 13
Patau syndrome
(Up to 100% affected)

Isomerism of the atrial 
appendages
ASD
VSD
TGA
PDA

Microcephaly
Cleft lip/cleft palate
Holoprosencephaly
Profound developmental delay
Severely reduced life 
expectancy

Trisomy 18
Edward syndrome
(Up to 100% affected)

ASD
VSD
Polyvalvar disease 
(thickened, dysplastic)

History of polyhydramnios
Overlapping fingers
Rockerbottom feet
Profound developmental delay
Severely reduced life 
expectancy

Trisomy 21
Down syndrome
(40–50% affected)

AVSD
ASD
VSD
PDA
ToF (usually with 
AVSD)

Hypotonia and developmental 
delay
Flat facial features, small ears
Upward slant to the eyes with 
epicanthic folds
Single palmar crease
Early onset dementia

aSee Table 6.3 for glossary of terms and abbreviations in this table

Table 6.3 Glossary of terms and abbreviations

Abbreviation Full name and description
ASD Atrial septal defect: a defect usually situated in the central portion of the 

dividing wall between the atriums
APVD Anomalous pulmonary venous drainage – the pulmonary veins drain to the right 

side of the heart; this may be partial or complete (PAPVD vs TAPVD)
AVSD Atrioventricular septal defect – and abnormality of the atrio-ventricular junction 

characterised in the complete form by a low ASD, a defect in the ventricular 
septum and an abnormal arrangement of the atrioventricular valves; also known 
as atrioventricular canal defect or endocardial cushion defect

BAV Bicuspid aortic valve – the aortic valve has two functioning leaflets; often 
associated with aortopathy, where the ascending aorta is dilated with an 
increased risk of dissection

CoA Coarctation of the aorta – a narrowing in the distal aortic arch in the region of 
the insertion of the ductus arteriosus

DORV Double outlet right ventricle – there is a VSD and both great vessels are 
predominately associated with the right ventricle

HCM Hypertrophic cardiomyopathy – heart muscle thickening associated with 
myocyte fibre disarray on histology
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Abbreviation Full name and description
HLHS Hypoplastic left heart syndrome – severe underdevelopment of the left heart 

structures and aortic arch
IAA Interrupted aortic arch – a PDA-dependent lesion where there is a gap in the aorta
LVNC LV non-compaction cardiomyopathy – developmental abnormality associated 

with spongy myocardium
MV Mitral valve
MVP Mitral valve prolapse – backward movement of the mitral valve leaflet(s), often 

associated with valve regurgitation
PAH Pulmonary arterial hypertension – raised pressure in the pulmonary artery due to 

elevated pulmonary vascular resistance
PDA Persistent ductus arteriosus – non-closure of the arterial duct after birth
PS Pulmonary stenosis – narrowed pulmonary valve; peripheral PS refers to 

narrowing in the pulmonary artery branches
SVAS Supra-valvar aortic stenosis – narrowing in the ascending aorta
TAAD Thoracic aortic aneurysm with dissection
TGA Transposition of the great arteries – the left ventricle gives rise to the pulmonary 

artery and the right ventricle gives rise to the aorta
ToF Tetralogy of Fallot – large VSD, aorta overriding the ventricular septum, obstruction 

to right ventricular outflow and compensatory right ventricular hypertrophy
Truncus Truncus arteriosus or common arterial trunk – large VSD with single outlet 

vessel from the heart that divides into aorta and pulmonary arteries
TV Tricuspid valve
VSD Ventricular septal defect – a hole in the dividing wall between the ventricles

Table 6.3 (continued)

with CHD (Fig. 6.3). In most cases with multiple clinical features, the critical genomic 
region includes a number of genes that are associated with CHD. Notable examples 
include supravalvar aortic stenosis in Williams syndrome with 7q microdeletion (Fig. 6.4) 
and the DiGeorge/Velo-Cardio-Facial syndrome with 22q microdeletion (Fig. 6.5). The 
generic term ‘contiguous gene syndrome’ is commonly referred to such clinical exam-
ples of genomic imbalance (Table 6.4).

6.2.3  Array Comparative Genomic Hybridisation (aCGH)

Many laboratories now use genomic microarrays as their first-line diagnostic test for 
copy number variation (CNV) detection. DNA is fluorescently labelled and co- 
hybridised with normal control DNA to mapped DNA sequences that are spotted onto 
a glass slide surface. These clones contain DNA which represent the human DNA 
sequences, and are regularly spaced across the whole genome. The fluorescent intensi-
ties of the DNA hybridised to the spotted clones is measured. If there is more signal 
from the sample relative to the control then there is likely to be a gain of that genomic 
region; conversely, if there is less sample relative to the control, then there is a loss of 
that region. Gains and losses of clones are detected and expressed as a ratio that is plot-
ted against genomic position (Fig. 6.6). The advantage is that this gives the ability to 
detect simultaneously on any locus: aneuploidies, deletions, duplications and amplifi-
cations. This is equivalent to thousands of FISH studies being performed simultane-
ously and allows the detection of submicroscoptic chromosomal abnormalities.
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6.2.4  DNA Point Mutations

A point mutation is a change within a gene in which one base pair of a DNA 
sequence is altered. These may have one of three outcomes: (1) no effect because 
the mutated codon still codes for the same amino acid; (2) a change in the encoded 
amino acid—this may have variable clinical effects; (3) a stop codon may be formed, 

Locus specific probes-TUPLE1 and control

Courtasy of the  All-wales Genetics Laboratory

deleted 22

normal 22

Fig. 6.2 Microdeletion 
22q11 in a child with 
velo-cardio-facial 
syndrome–note deleted 
chromosome 22 (top) 
compared to normal 
chromosome 22 (bottom). 
Courtesy of the All-Wales 
Genetics Laboratory
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Fig. 6.3 Microdeletion syndromes associated with congenital heart disease (see Table  6.4). 
Courtesy of Professor Dhavendra Kumar
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which leads to truncation of the encoded protein, which will usually have altered 
function [see Chaps. 1 and 2]. In many individuals with complex multiple congeni-
tal malformations, mutation in a single gene might present with overlapping clinical 
features including intellectual difficulties, metabolic abnormality and neuro-psychi-
atric features ([12], Fig. 6.7). In the case of the Ras-MAP kinase pathway, DNA 
point mutations in several genes are associated with syndromes with overlapping 
clinical features, including Noonan, cardiofaciocutaneous and Costello syndromes. 
Point mutations associated with syndromic CHD are shown in Table 6.5.

1.5 Mb microdeletion of
7q11.23 in 95–99% of

cases

Hemizygosity
for

26–28 genes

7cen

ELN

7tel

1.5 M
b

Courtesy of Professor Dhavendra kumar

Typical features

•   Facial appearance

• Broad forehead

• Long philtrum

• Full lips

• Stellate iris

•   Neonatal hypercalcaemia

•   Elastin arteriopathy (SVAS and
    branch PS)

•   Developmental delay

•   Charateristic behaviours

Fig. 6.4 Microdeletion in a child with clinical features of Williams syndrome. Courtesy of 
Professor Dhavendra Kumar
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http://www.genetics4medics.com/digeorge-syndrome.html

Fig. 6.5 Microdeletion encompassing TBX1 and several other morbid genes: an example of the 
contiguous gene syndrome
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Table 6.4 Microdeletion syndromes and CHD (see Table 6.3)

Syndrome and 
associated 
microdeletion 
(CHD incidence) Inheritance

Implicated 
cardiac 
gene

Cardiovascular 
features Common clinical features

1p36 deletion 
(up to 70% 
affected)

Theoretically 
AD, but most 
arise de novo

DVL1 PDA
LVNC

Facial features
Microcephaly
Developmental delay

2q37 deletion 
(under 20% 
affected)

Theoretically 
AD, but most 
arise de novo

HDAC4 ASD
VSD
PDA

Facial features
Developmental delay
Autism spectrum
Obesity

Wolf-Hirschhorn
4p16.3 deletion 
(up to 45% 
affected)

Theoretically 
AD, but most 
arise de novo

Possibly 
MSX1

ASD
VSD
PDA
ToF
DORV

Ataxia
Reduced muscle mass and 
tone
Long head with frontal 
bossing
Downslanted palpebral 
fissures and epicanthic 
folds
Developmental delay

Cri-du-chat
5p15.2 deletion 
(up to 50% 
affected)

Theoretically 
AD, but most 
arise de novo

CTNND2 ASD
VSD
PDA
ToF

Facial features
Microcephaly
High-pitched cry
Developmental delay

Williams(-
Beuren)
7q11.23 deletion 
(up to 80% 
affected)

Theoretically 
AD, but most 
arise de novo

ELN SVAS, 
peripheral PS, 
CoA and aortic 
hypoplasia, 
renal artery 
stenosis, HCM

Facial features
Neonatal hypercalcaemia
Developmental delay
Outgoing personality

Langer-Giedion
8q4.1 deletion 
(uncommon)

Theoretically 
AD, but most 
arise de novo

EXT1 ASD
VSD

Facial features
Developmental delay
Coloboma

Jacobsen
11q24.1 deletion 
(around 50% 
affected)

Theoretically 
AD, but most 
arise de novo

FRA11B VSD
Left heart 
obstruction
HLHS

Facial features
Austism
Bleeding disorder

13q14 deletion 
(up to 36%)

Theoretically 
AD, but most 
arise de novo

Unknown ASD
VSD
PDA
PS
ToF
CoA

Facial features
Brain malformation
Gastro-intestinal problems
Retinoblastoma

Rubinstein- 
Taybi
16p13.3 deletion 
(up to 33% 
affected)

Theoretically 
AD, but most 
arise de novo

CREBBP
EP300

ASD
VSD
BAV
PS
CoA
PDA

Facial features
Broad thumbs and first toes
Developmental delay
Eye problems
Increased risk with 
anaesthesia
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Table 6.4 (continued)

Syndrome and 
associated 
microdeletion 
(CHD incidence) Inheritance

Implicated 
cardiac 
gene

Cardiovascular 
features Common clinical features

Miller-Dieker
17p13.3 deletion 
(uncommon)

Theoretically 
AD, but most 
arise de novo

?LIS1 ASD
VSD
DORV
ToF

Facial features
Cerebral anomalies 
including lissencephaly
Developmental delay
Growth retardation
Reduced life expectancy

Smith-Megenis
17p11.2 deletion 
(25–50% 
affected)

Theoretically 
AD, but most 
arise de novo

RAI1 ASD
VSD
TAPVD
Valve lesions
ToF

Facial features
Hypotonia and failure to 
thrive in infancy
Developmental delay
Short fingers
Eye and larynx 
abnormalities
Behavioural problems

18p deletion 
(<10% affected)

Theoretically 
AD, but most 
arise de novo

?LAMA1 Facial and ear features
Short fingers and toes
Developmental delay

Distal 18q 
deletion 
(25–35% 
affected)

Theoretically 
AD, but most 
arise de novo

SMAD4 ASD
VSD
Valve disease
APVD

Mild facial features
Cleft palate
Hypotonia
Short stature
Hearing loss
Lower limb problems (club 
and rockerbottom feet)
Reduced life expectancy

Alagille
20p12 deletion 
(up to 90% 
affected)
See also 
Table 6.5

AD and de 
novo

JAG1 ASD
PS (valve and 
branches)
ToF
PDA

Facial features
Biliary hypoplasia
Butterfly vertebrae
Renal problems

DiGeorge
22q11
(up to 80% 
affected)

AD and de 
novo

TBX1 VSD
Truncus
IAA type B

Facial features and palatal 
abnormalities
Thymic hypoplasia with 
immune deficit
Parathyroid hypoplasia
Developmental delay
Mental health problems

Phelan- 
McDermid
22q13.3 deletion 
(around 25% 
affected)

Theoretically 
AD, but most 
arise de novo

?SHANK3 ASD
TV dysplasia
PDA
TAPVD

Minor facial features
Developmental delay
Autism spectrum 
behaviours
Fleshy hands
Dysplastic toenails
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Fig. 6.6 Main steps in the technique of array comparative genomic hybridization (aCGH). 
Courtesy of Sian Morgan, Principle Scientist, All-Wales Genetics Laboratory
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Fig. 6.7 Overlapping multisystem clinical manifestations of DNA point mutations in selected 
genes associated with CHD. From De Rubeis et al. [12]; with permission
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Table 6.5 Point mutations associated with CHD (see Table 6.3)

Gene mutation and 
associated syndrome 
(CHD incidence) Inheritance

Associated 
gene mutation

Cardiovascular 
features

Common Clinical 
features

Alagille (up to 90% 
affected)

AD JAG1, 
NOTCH2

ASD
PS and 
peripheral PS
ToF
PDA

Facial features
Biliary hypoplasia
Butterfly 
vertebrae
Renal problems

Cardiofaciocutaneous (up 
to 70% affected) 
[RASopathy spectrum]

AD BRAF, KRAS, 
MAP2K1 and 2

ASD
PS
HCM

Facial features
Developmental 
delay

Char (up to 100% 
affected)

AD TFAP2b PDA Facial features
Limb defomity

CHARGE (up to 85% 
affected)

AD CHD7, 
SEMA3E

ASD
VSD
ASVD
ToF spectrum
Truncus

Choanal atresia
Eye coloboma
Developmental 
delay

Costello (up to 65% 
affected) [RASopathy 
spectrum]

AD HRAS Atrial 
arrhythmia
HCM
PS

Facial features
Lax skin
Feeding 
difficulties
Sparse or curly 
hair
Developmental 
delay

Ellis-van Creveld (up to 
60% affected)

AR EVC, EVC2 ASD
Common 
atrium

Dysplastic nails 
and teeth
Short limbs
Post-axial 
polydactyly

Holt-Oram (up to 80% 
affected)

AD TBX5 ASD
VSD
PDA

Upper limb 
deformity

Kabuki (around 50% 
affected)

AD MLL2 ASD
VSD
TGA
ToF
CoA
MV 
abnormalities

Facial and eyelid 
features
Scoliosis
Developmental 
delay

Noonan (up to 80% 
affected) [Rasopathy 
spectrum]

AD BRAF, CBL, 
HRAS, KRAS, 
MEK1, NF1, 
NRAS, 
PTPN11, 
RAF1, SHOC2, 
SOS1

ASD
PS and 
peripheral PS
HCM
PDA

Facial features
Short stature
Pectus excavatum
Webbed neck
Cubitus valgus

Okihiro (up to 33% 
affected) [Clinical 
overlap with Holt-Oram 
syndrome]

AD SALL4 ASD Eye features
Bilateral deafness
Radial and thumb 
anomalies

AD autosomal dominant, AR autosomal recessive
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6.2.5  Genomic Sequencing

This subject is discussed in detail in Chap. 4. Whole exome sequencing permits the 
detection of point mutations and small insertion-deletions. The technique is increas-
ingly being offered as a diagnostic test for heterogeneous disorders. A number of 
DNA point mutations have been identified in a number of non-syndromic forms of 
CHD (Table 6.6).

Whole genome sequencing allows the characterisation of CNVs to very high 
levels of accuracy. Utilisation of these techniques has allowed characterisation of 
several number single nucleotide polymorphisms (SNPs). SNPs are changes in sin-
gle nucleotides found throughout the genome including coding and non-coding 
regions. SNPs do not necessarily alter gene function; however, they may influence 
an organism’s response to environmental factors. SNPs that influence the develop-
ment of CHD have been identified through focusing on candidate genes thought to 
be involved in the development of CHD. In one study, 20% of individuals with CHD 
and other anomalies had detectable CNV in the form of deletions and duplications 
when genome-wide assessment was undertaken. The CNV contained up to 55 
genes. Duplications were observed in the long arms of chromosomes 3 and 5 and 
the short arms of chromosomes 18 and 20 [13].

Vascular endothelial growth factor (VEGF) activity is important in normal heart 
development. SNPs of VEGF and its promoters have been implicated in increased 
risk of ToF [14] and AVSD [15]. Polymorphism of the VEGF promoter C-634G has 
been shown to be protective against isolated VSD [16]. GATA4 sequence variants 
are associated with ASD, VSD and ToF [17].

Assessment of a cohort from the Baltimore-Washington Infant Study showed 33 
SNPs in selected forms of CHD. These included genes controlling folate metabo-
lism, nitric oxide synthase activity, cell-cell interaction, and the regulation of inflam-
mation and blood pressure. Maternal smoking was found to be associated with a 
higher risk of CHD with certain SNPs [18].

6.3  Epigenetics and Congenital Heart Disease

Epigenetic mechanisms contribute to the regulation of multiple physiological pro-
cesses during the development and maturation of an individual. DNA methylation 
occurs via the addition of a methyl group in the 5′ carbon of cytosine on to the DNA 

Table 6.6 Non-syndromic CHD associated with single gene defects (see Table 6.3)

Gene Cardiac anomaly
ALK2 AVSD
BMPR2 Septal defect with associated PAH
CRELD1 AVSD
GATA4 ASD, VSD
MYH6 ASD, HCM
NKX2.5 ASD, ToF, TV dysplasia, conduction defects
NOTCH1 BAV, calcific aortic valve disease
PROSIT-240 TGA

D.G. Wilson



185

molecule. This may result in altered transcription and so alter the pattern of gene 
expression. DNA methylation abnormalities in genes involved in growth regulation, 
apoptosis and folate metabolism (GATA4, MSX1 and MTHFS) have been shown to 
be associated with CHD in Down syndrome and isolated CHD [19].

6.4  Clinical Approach to Genetic Assessment of CHD

6.4.1  Fetal Life

In the UK and other countries with advanced health care systems, antenatal care 
should include assessment of risk factors for congenital anomalies from early preg-
nancy. Ultrasonic fetal anomaly surveillance starts with the assessment of nuchal 
translucency during the first trimester. Increased nuchal translucency is associated 
with chromosomal aneuploidy, congenital heart disease and other congenital mal-
formations. Its presence highlights the need for increased vigilance during the sec-
ond trimester [20] and it forms part of the antenatal assessment of the risk of Down 
syndrome.

Fetal anomaly scanning is undertaken at around 20 weeks of gestation. The car-
diac component of this scan consists of assessment of the 4-chamber view, the ven-
tricular outflow tracts and the 3-vessel trachea view. Fetal echocardiography now 
permits the antenatal diagnosis of >50% of critical CHD.

Up to one third of critical fetal CHD is associated with aneuploidy, therefore, 
where there is the finding of a critical form of CHD, with or without other associ-
ated anomalies, amniocentesis should be offered after appropriate counselling. If a 
chromosome anomaly is found, ideally there should be joint consideration between 
the affected couple and Fetal Medicine, Fetal Cardiology and Clinical Genetics 
regarding the best way forward in the pregnancy. Where the choice is made to con-
tinue the pregnancy, multidisciplinary care should continue throughout the preg-
nancy and into the newborn period.

6.4.2  Neonate and Infant

When there is the finding of CHD in a newborn baby or infant, the assessing clini-
cian should take steps to explore the possible genetic associations. The following 
should be ascertained:

• Maternal history
 – Age
 – Occupation
 – Drug history (prescribed and non-prescribed)
 – Smoking history
 – Maternal medical conditions (e.g. non-gestational diabetes)

• Family history of CHD or other heart problems
• Consideration of TORCH screen if there are indications that congenital infection 

may be a possibility
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• Paternal history
 – Age
 – Occupation
 – Drug history (prescribed and non-prescribed)
 – Smoking history
 – Paternal medical conditions

• Evidence of dysmorphism in either parent or in siblings
• History of familial or genetic disease
• A full clinical assessment should be undertaken, including plotting of length, 

weight and head circumference.
• Assessment of presence/absence of dysmorphism
• Type of CHD—is this a cardiac lesion known to be associated with a genetic 

origin?
• Where there are indications that genetic disease is a possibility, a referral to 

medical genetics should be made.
• Consider array CGH testing if there is CHD, dysmorphism ± developmental 

delay, or if the lesion is highly associated with microdeletion (e.g. ToF, truncus 
arteriosus and other related outflow tract anomalies)

• If a genetic problem is diagnosed, the implications for the parents and any sib-
lings needs to be considered – is there a need for genetic assessment and cardiac 
surveillance in first degree relatives?

6.4.3  Older Child/Young Person

Most individuals with CHD will present in infancy, although some lesions, such as 
ASD and BAV are commonly diagnosed in later life. Where a new diagnosis is 
made the same assessment as that set out above for neonates and infants should be 
undertaken. The likelihood of a genetic association should be assessed and an 
appropriate referral to Medical Genetics made. If a genetic association is found, 
there should be a strategy of disclosure to the young person. The concept of genetic 
transmissibility should be introduced in a sensitive manner at an appropriate time. 
This disclosure would ideally be undertaken during teenage years and certainly well 
in advance of a pregnancy. Assessment of other family members should be carried 
out if this is indicated.

6.4.4  Adult

In adults with known genetically-associated CHD conditions, the following should 
be thought about:

• Are all the cardiac problems affected by the condition being assessed appropri-
ately (e.g. long-term aortic surveillance in Turner syndrome)?
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• Are all the non-cardiac problems affected by the condition being assessed appro-
priately (e.g. immune status and mental health problems in DiGeorge syndrome)? 
Are all relevant health care professionals involved?

• Has appropriate reproductive health advice been given—for women, is the 
choice of contraception safe and appropriate for the cardiac lesion? What is the 
medical risk of pregnancy?

• What is the recurrence risk in any offspring? For sporadic CHD with no other 
family member affected the risk is in the region of 1–6%. Where there is an asso-
ciated DNA mutation in a parent with CHD, the recurrence risk may be as high 
as 50%.

 Conclusions

CHD lesions are the most common forms of congenital anomaly. Certain CHD 
lesions are associated with a high morbidity and mortality. Known chromosomal, 
syndromic, and environmental causes account for around 20% of CHD lesions. 
The aetiology of the majority of CHD lesions is unknown. Future advances in 
genomics and epigenetics are likely to provide insights into the aetiological ori-
gins of congenital heart defects.
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Abstract
Cardiovascular involvement is a recognised feature of more than 50 different 
inherited disorders of metebolism. Most frequently cardiovascular disease asso-
ciated with inherited disorders of metabolism presents as part of multisystem 
disease, but on occasion it may be the most significant (e.g., Infantile Pompe 
disease, Danon disease) or only (e.g., Fabry disease, Glycogen storage disease 
XV) presenting feature, and a high index of suspicion is needed to reach the cor-
rect diagnosis. Diagnosis is important because many of these disorders (partly) 
respond to treatments such as dietary modification, co-factor administration, 
enzyme replacement therapy, or haematopoietic stem cell transplantation.
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7.1  Introduction

Inherited metabolic diseases (IMD) are individually rare, clinically widely hetero-
geneous, and typically, but not always, associated with abnormal biochemical tests 
(usually specialist rather than routine biochemistry) [1]. Broadly speaking they can 
be divided into three groups:

 1. Disorders of intoxication—these disorders of intermediary metabolism give rise 
to an acute or progressive intoxication secondary to the accumulation of toxic 
compounds proximal to a metabolic block. Examples include the organic acid-
urias, such as propionic acidemia.

 2. Disorders of energy metabolism—these give rise to their symptoms chiefly 
because of an energy deficient in tissues such as liver, muscle, brain or heart. 
Examples include the mitochondrial respiratory chain defects defects, fatty acid 
oxidation defects and glycogen storage disorders.

 3. Disorders of complex molecules—these involve disturbance in the synthesis or 
catabolism of complex molecules. Symptoms tend to be progressive and not 
dependent on dietary/energy intake. Examples include the lysosomal storage dis-
orders and the peroxisomal disorders.

Cardiovascular involvement is a recognised feature of more than 50 different 
inherited disorders of metebolism. Most frequently cardiovascular disease associ-
ated with inherited disorders of metabolism presents as part of multisystem disease, 
but on occasion it may be the most significant (e.g., Infantile Pompe disease, Danon 
disease) or only (e.g., Fabry disease, Glycogen storage disease XV) presenting fea-
ture, and a high index of suspicion is needed to reach the correct diagnosis. Table 7.1 
summarises the inheritance, pattern of cardiovascular involvement, other clinical 
features, diagnostic investigations and potential treatment options for some of the 
more prevalent inherited disorders of metabolism. Diagnosis is important because 
many of these disorders (partly) respond to treatments such as dietary modification, 
co-factor administration, enzyme replacement therapy, or haematopoietic stem cell 
transplantation.

Clincial presentation can occur at any age, from the neonatal period to late adult-
hood, with more severe, and sometimes fatal disease, tending to present in early 
childhood. Factors including improved medical care, increased awareness of meta-
bolic conditions and newborn screening with early treatment, have led to an 
increased number of patients with inherited metabolic disease surviving to adult-
hood and these factors, together with improved access to genetic testing, mean that 
both paediatric and adult cardiologists need to consider this group of disorders in 
the differential of unexplained cardiovascular disease. Cardiologists also have an 
important role in monitoring and managing cardiac disease secondary to known 
disorders of metabolism.
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The pattern of presentation varies between disorders but includes:

• Cardiomyopathy—5–13.5% of paediatric cardiomyopathies are reported to be 
caused by an inherited disorder of metabolism [2–4]. Data on the prevelance of 
inherited metabolic disease in adults with cardiomyopathy are very limited. 
Hypertrophic, dilated, restrictive, and ventricular noncompaction cardiomy-
opathies have all been described in association with inherited metabolic disor-
ders. Hypertrophic cardiomyopathy associated with ventricular pre-excitation 
(VPE) or the Wolff–Parkinson–White (WPW) syndrome suggests a metabolic 
disorder.

• Arrthythmias—ventricular arrhythmias and sudden cardiac death may relate to 
toxic metabolites (e.g., fatty acid oxidation defects, organic acidemias), or to 
structural abnormalities of the cardiac muscle (e.g., glycogen storage disorders, 
lysosomal storage disorders, congenital disorders of glycosylation).

• Valvular disease—is a significant feature of some mucopolysaccharidoses and 
mucolipidoses, as well as alkaptonuria.

• Atherosclerosis—may occur secondary to inherited disorder of sterol metabo-
lism (e.g., sitosterolemia).

• Structural cardiac defects—are not frequently associated with inherited disor-
ders of metabolism. Exceptions include disorders of cholesterol biosynthesis 
(e.g., Smith–Lemli–Opitz syndrome).

7.2  Investigations

Figure 7.1 provides an algorithm for investigation should a cardiologist suspect an 
inherited disorder of metabolism. Table 7.3 lists some “red-flags” which may sug-
gest an underlying disorder of metabolism. The approach to diagnosis depends on 
the disorder that is suspected and may include:

• ECG—ventricular pre-excitation (VPE) is a common feature of storage disease 
(Pompe, Danon, PRKAG2 syndrome) and mitochondrial disorders. A short PR 
interval without pre-excitation is a common feature in Fabry disease.

• Echocardiogram
• Exercise testing
• Cardiac MRI
• CT angiogram
• Routine biochemistry
• Specialist biochemistry—note enzyme activity is labile, correct sampling condi-

tions are critical.
• Biopsy with histology and immunohistochemistry—skin, liver, muscle, heart as 

indicated.
• Genetic testing—focused gene panels are increasingly used for disorders with 

clinical overlap e.g., glycogen or polyglucosan body storage disorders, fatty acid 
oxidation disorders.

E. Murphy and O. Watkinson
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Clinical case report 1: Glycogen storage disease IIIa (GSD IIIa)
A 23 year old woman was noted to have severe left ventricular hypertrophy 
with maximal wall thickness of 3.8 cm [5]. She had been diagnosed with gly-
cogen storage disease type IIIa in childhood. On cardio-pulmonary exercise 
(CPEX) testing her peak VO2 was 19.6 mL/kg/min (61% predicted). She was 
subsequently lost to follow-up and had an uncomplicated pregnancy, with 
delivery of a healthy infant, at 28 years. By 34 years she was NHYA class 2. 
Transthoracic echocardiogram (TTE) showed similar severe LVH (MWT 
4.0 cm) and a peak VO2 of 18.3 ml/kg/min (63% predicted).

During a second pregnancy, a TTE at 22 weeks gestation showed LV wall 
thinning with a MWT of 1.4  cm and impairment of systolic function. By 
32 weeks there was LV dilation and a further reduction in MWT to 1.1 cm, 
with an ejection fraction of 35%. She reported postural dizziness, but no pos-
tural drop in BP (88/52 mmHg sitting, 86/52 mmHg standing). She had no 
symptoms of hypoglycemia during either pregnancy, but did not attend for 
regular metabolic clinic follow-up. A normal baby was born at term.

Six days following delivery of this child, she developed congestive cardiac 
failure and required hospitalisation. She repsonded to medical treatment and was 
commenced on an ACE inhibitor. However, over the next three years, her LV 
dilated further with a decline in ejection fraction to 30%. By 39 years she was 
NYHA class III with a peak VO2 of 8.3 ml/kg/min (Fig. 7.2). Aged 40 years a 
biventricular implantable cardioverter-defibrillator was inserted and she agreed 
to be referred for cardiac transplant but died suddenly while on the waiting list.

Presentation with cardiovascular disease

History, family history and clinical examination (?multisystem disease).
Search for ‘red-flags’ (Table 2).

Cardiac evaluation – ECG, ECHO, (MRI, CT angiogram, BP and rhythm monitoring as indicated).
First line investigations – creatine kinase, glucose, lactate, lipid profile, ammonia, ketones, ferritin, transferrin

saturation, full blood count. 

Second line investigations– acylcarnitines, plasma sterols, phytanic acid, urine organic
acids, urine glycosaminoglycans, urine oxalate, transferrin isoforms.

Third line investigations – biopsy (skin (for fibroblast cultures), muscle,
endomyocardial, liver), specific enzyme activity, genetic testing.

Consider management options. General eg. heart failure and arrhythmia treatment.
Specific eg. enzyme replacement therapy or carnitine supplementation. 

Fig. 7.1 An algorithm for the role of the cardiologist in the investigation and management of 
cardiovascular disease suspected to be secondary to inherited metabolic disease

7 Inherited Cardiovascular Metabolic Disorders
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Clinical case report 2: Glycogen storage disease IIIa (GSD IIIa)
An 30 year old man presented with breathlessness on walking up hills and 
going up steps, with associated palpitations. He had been diagnosed with 
glycogen storage disease type IIIa in childhood. He also reported occasional 
early morning hypoglycaemia and had proximal skeletal muscle myopathy 
principally affecting the pelvic girdle.

a

b c

Fig. 7.2 Clinical case report 1: Glycogen storage disease IIIa (GSDIIIa). (a) ECG showing 
a broad QRS complex with increased amplitude and widespread repolarisation changes, 
suggestive of widespread myocardial disease. (b) Left ventricular pressure trace showing 
low systolic pressure and elevated end diastolic pressure consistent with advanced heart 
failure. Scale in mmHg. (c) Pulmonary artery pressure trace demonstrating elevated pres-
sure caused by left heart failure. Scale in mmHg
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An ECG showed sinus rhythm with a normal axis and inferolateral T wave 
inversion with LVH by voltage criteria. A 44-hour rhythm tape showed iso-
lated ventricular ectopics with no significant arrhythmias or pauses. His 
echocardiogram revealed mild LVH, mainly affecting the anterior septal 
wall. The MWT was 1.4–1.6  cm in the basal region. Turbulent flow was 
noted from the apex to mid cavity and to the LVOT with a maximum gradient 
of 50–60 mmHg at rest (Fig. 7.3). Overall, LV systolic function was good 
with an ejection fraction estimated at 65–70% but with impaired diastolic 
function (E/A ratio 0.9).

Age 32 years a pacemaker was inserted. On review age 35 years he reported 
early morning tiredness and headaches. Medications at this time included 
Disopyramide 200  mg twice daily, Verapamil 160  mg and 120  mg daily, 
Aspirin 75 mg daily, Atorvastatin 20 mg daily and Ezetimibe 10 mg daily. 
Heart sounds were normal, there was a widespread 2/6 systolic murmur, JVP 
was normal and there were no signs of peripheral or pulmonary oedema. His 
ECG showed dual-chamber pacing with a ventricular rate of 64  bpm. PR 
interval was 96 ms, QRS duration 182 ms, QTc 546 ms and QRS axis −89°. 
His pacemaker check showed a normal pacemaker function within programme 
parameters. No arrhythmia was identified. He was unable to complete exer-
cise stress testing due to left hip arthritis.

In view of his ongoing symptoms an overnight sleep study was performed. 
This indicated mild hypercapnia, indicative of respiratory muscle hypoventi-
lation. Overnight non-invasive ventilation (NIV, BiPAP) was commenced. 
Symptoms improved significantly and 1 year later he remains stable.

The glycogen storage disorders (GSDs)
The GSDs are a group of disorders associated with an inherited defect of gly-
cogen mobilisation or glycogen utilization. Glycogen is a multibranched glu-
cose polymer with a protein core that serves as a form of energy storage. It is 
stored in all cells but is most abundant in liver and muscle. Liver glycogen 
maintains blood glucose between meals. Muscle glycogen is the primary 
source of energy for muscle contraction at the start of exercise. In some disor-
ders, an abnormal form of glycogen, called polyglucosan bodies is stored.

GSDs are generally categorized by the organ or tissue most affected by the 
underlying defect, namely,

 1. disorders affecting mainly muscle (cardiac and skeletal) e.g., GSD II  
and V.

 2. disorders affecting mainly the liver e.g., GSD I, III, VI, and IX.
 3. disorders affecting the brain e.g., GSD IV.

Cardiac involvement is a well-known feature in several GSDs and polyglu-
cosan body storage disorders, as summarized in Table 7.2.

7 Inherited Cardiovascular Metabolic Disorders
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a

b

c

Fig. 7.3 Clinical case report 2: Glycogen storage disease IIIa (GSDIIIa). (a) ECG demon-
strating changes of widespread left ventricular hypertrophy with very large amplitude QRS 
complexes throughout, with repolarisation changes. (b) Pulse wave Doppler tracing from 
the apical 5 chamber view showing left ventricular outflow tract obstruction. (c) 4 Chamber 
and short axis MRI images demonstrating concentric left ventricular hypertrophy

E. Murphy and O. Watkinson
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Glycogen storage disease type III
GSDIII (OMIM #232400) is an autosomal recessive condition due to defi-
ciency of glycogen debrancher enzyme, amylo-1,6 glucosidase, and caused 
by mutations in the AGL gene. Two distinct phenotypes exist, IIIa and IIIb. 
GSDIIIa occurs more frequently (85% of reported cases), causing liver dis-
ease and other complications including skeletal myopathy and cardiomyopa-
thy. GSDIIIb is a purely hepatic form.

In patients with GSDIII, during fasting only a limited fraction of glucose 
stored in the liver as glycogen is readily available for glucose homeostasis. 
Affected individuals usually present in childhood with hypoglycemia and/or 
hepatomegaly. Gluconeogenesis and fatty acid oxidation are not impaired and 
can partially compensate for defects in glycogenolysis.

Diagnosis is usually suspected by findings of hepatomegaly and ketotic 
hypoglycemia in the setting of elevated serum concentrations of transami-
nases and creatine kinase in childhood. It can be confirmed by measurement 

Table 7.3 “Red-flag” clinical findings which may indicate that cardiovascular disease is 
secondary to an inherited disorder of metabolism

Red flag Comment Disorder
Cardiomyopathy with 
hypoglycemia

Suggestive of defect 
in energy production

Fatty acid oxidation 
defects
Glycogen storage disorders

Cardiomyopathy with hypotonia 
(feeding difficulties, respiratory 
distress)

Suggestive of 
systemic skeletal 
muscle disease

Pompe disease

Mitochondrial disease
Congenital disorders of 
glycosylation

Cardiomyopathy with 
hepatomegaly

Suggestive of a 
storage disorder

Mucopolysaccharidoses

Cardiomyopathy with dysmorphic 
features

Mucopolysaccharidoses

Congenital disorders of 
glycosylation

Cardiomyopathy with joint 
contractures/dysostosis

Mucopolysaccharidoses

Mucolipidoses
Cardiomyopathy presenting after 
acute metabolic stress

e.g., fasting, fever, 
intercurrent illness, 
surgery

Fatty acid oxidation 
defects

Propionic acidemia
Hypertrophic cardiomyopathy 
with ventricular pre-excitation 
(VPE) or the Wolff–Parkinson–
White (WPW) syndrome

Suggestive of a 
storage disorder

Lysosomal storage 
disorders

Glycogen storage disorders
Mitochondrial disorders

7 Inherited Cardiovascular Metabolic Disorders
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of glycogen debrancher enzyme activity and mutation analysis of the AGL 
gene. Mutations in exon 3 are associated with GSDIIIb, but aside from this 
there are no clear genotype-phenotype correlations in GSDIII.

Data from an international study on GSDIII describe 175 patients, from 147 
families, 91 of whom were followed into adulthood [6]. Cardiac involvement 
was reported in 58% (87/151), usually first noted in childhood. LVH was most 
common—found in more than two-thirds of patients on ECG and/or echocardio-
gram. The remaining patients had other forms of cardiac hypertrophy, including 
isolated septal, right ventricular or biventricular hypertrophy. Clinically symp-
tomatic cardiomyopathy appeared rare, and the majority of patients seemed to 
remain stable over time. No patient in this series had a heart transplant.

However, some patients do develop symptomatic disease. A detailed car-
diac pathology examination of three patients, from a single centre—one of 
whom died from sudden cardiac death and another who required cardiac 
transplantation for end-stage heart failure with severe hypertrophic cardio-
myopathy, found evidence of cardiac fibrosis, myocyte vacuolation, and gly-
cogen accumulation in the AV node and smooth muscle of the myocardial 
arteries [7].

Management
Treatment in childhood includes regular meals, the use of uncooked corn-
starch (UCCS, as a source of slow release glucose), higher dietary protein 
intake to stimulate gluconeogenesis, ± overnight nasogastric feeds to mini-
mise hypoglycemia. Energy and glucose demands fall with age, and not all 
adults with GSDIII require specific therapy.

There is some evidence that cardiomyopathy can be improved with high- 
protein diet and avoidance of excessive carbohydrate intake [8].

In common with other women with preexisting cardiac disease, women 
with GSDIIIa and cardiomyopathy are at risk of cardiac decompensation dur-
ing pregnancy, and may not be able to adapt to the changes in cardiac and 
haemodynamic function that are designed to ensure adequate blood supply to 
the fetus, including increased circulating volume, cardiac output, stroke vol-
ume and decreased peripheral resistance and blood pressure. These women 
therefore need specialist pre-pregnancy counselling, assessment, cardiac sur-
veillance and care throughout pregnancy.

7.2.1  PRKAG2 Syndrome

Figure 7.4 shows typical ECG and cardiac MRI findings from individuals with 
PRKAG2 mutations. The PRKAG2 gene encodes the gamma 2 subunit of 5′-AMP- 
activated protein kinase (AMPK), a sensor of cellular energy balance. Mutations of 
PRKAG2 (OMIM #600858) cause an autosomal dominant disorder characterised 
by hypertrophic cardiomyopathy, ventricular pre-excitation (VPE) and progressive 
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a

b

c

Fig. 7.4 ECG and echocardiogram findings in individuals with a PRKAG2 mutation. (a) (S Patel) 
ECG showing 2:1 heart block with atrial abnormalities and changes of left ventricular hypertrophy. 
(b) (Shilpaben Patel) Cardiac MRI 4 chamber view demonstrating left ventricular hypertrophy 
with an apical distribution. (c) (C Taylor) ECG with atrial fibrillation, and a broad QRS complex 
with increased amplitude and left axis deviation. On ECHO this patient had moderate concentric 
left ventricular hypertrophy with severe impairment of systolic function

7 Inherited Cardiovascular Metabolic Disorders
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Clinical Case Report 3: Glycogen Storage Disease XV (GSDXV)
A 52-year-old man presented at age 46 years with left-sided weakness [12]. 
He had a background history of hypertension and dyslipidemia. A right mid-
dle cerebral artery infarct was diagnosed. He was treated with thrombolysis 
and made a good recovery. An echocardiogram at the time showed a thick-
ened interventricular septum (1.3 cm), a mildly dilated LV, and impaired sys-
tolic function with an estimated ejection fraction of 40–50%.

There were no other specific medical issues and he remained well until 
aged 50  years when he developed palpitations, sweatiness and chest pain 
whilst driving. He was found to have ventricular tachycardia with presyncope 
and ECG showed sinus rhythm with markedly poor lateral R wave progres-
sion (Fig. 7.5). An echocardiogram showed severe left ventricular dilatation. 
Systolic function was severely impaired with an estimated ejection fraction of 
30–35%. There was akinesis of the inferolateral wall and apical lateral wall 
and hypokinesis of the anterolateral and anterior wall. There was severe left 
ventricular diastolic dysfunction and moderate left atrial dilatation with mild 
mitral regurgitation. Left ventricular end diastolic volume was measured at 
277 ml, with a posterior wall thickness of 1.0 cm and a septal wall thickness 
of 1.6 cm. Cardiac MRI confirmed that the left ventricle was severely dilated 
with a large area of thinning and akinesis affecting the entire lateral wall from 
base to apex (anterolateral, anterior and inferolateral walls). Other regions 
were hypertrophied with preserved systolic function. Late enhancement fol-
lowing gadolinium contrast was seen in the entire thinned region.

heart block [9, 10]. Many patients have isolated cardiac disease, but some also have 
myopathic symptoms, including myalgia and exercise intolerance.

A short PR interval is common, but the hypertrophy can be variable and includes 
asymmetric left ventricle hypertrophy, apical hypertrophy or biatrial hypertrophy. A 
significant proportion of patients progress to severe dilated hypokinetic cardiomy-
opathy. Endomyocardial biopsy shows non-lysosomal glycogen accumulation.

A common mutation p.Arg302Gln is reported in approximately 50% of cases to 
date, with the remainder of mutations being largely private. The development of 
complications (hypertrophic cardiomyopathy [HCM] 61%, VPE 70%, conduction 
block 22%, by age 40  years) and overall survival rate appear similar between 
patients carrying the common mutation and others [11].

7.2.2  Management

Patients appear to be at high risk of iatrogenic AV conduction block following abla-
tion procedures, and these should therefore be considered carefully [11]. Pacemaker 
or defibrillator implantation are reported frequently. A small number of patients 
have undergone cardiac transplant.

E. Murphy and O. Watkinson
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Skeletal muscle strength and an EMG were normal. He did not have hepa-
tomegaly. Blood glucose, lactate, creatine kinase levels, red blood cell and 
lymphocyte glycogen content were all normal. Genetic testing revealed that 
he was homozygous for a c.304G > C, p.Asp102His mutation in exon 3 of the 
GYG1 gene.

He remained symptomatic with shortness of breath on exertion. A coronary 
angiogram was normal. An ICD was inserted aged 49 years and a left ventricu-
lar assist device aged 51 years. Orthotopic cardiac transplant was performed 
aged 52 years. Initial post-operative course was complicated by renal impair-
ment requiring haemofiltration. He remains well 1 year post-transplant.

Glycogen storage disease type XV, Glycogenin-1 defects
GSD XV (OMIM #616199) is a rare autosomal recessive disorder caused by 
mutations in the GYG1 gene, which encodes the protein glycogenin-1. Most 
individuals typically present with a late onset skeletal myopathy without car-
diomyopathy [13–15]. A few individuals have presented with isolated adult-
onset cardiomyopathy, without skeletal muscle involvement [12]. Cellular 

a

b c

Fig. 7.5 Clinical case report 3: (a) Histology, (b) ECG and (c) MRI findings in an individual 
with GSDXV; (a) An endomyocardial biopsy showed abnormal hypertrophied myocytes with 
extensive vacuolation replacing most of the cell. There was no evidence of inflammation, no 
vasculitis and no abnormal infiltrates. PAS-staining was positive with partial removal by dia-
stase. Electron microscopy was not done. (a-1) hematoxylin and eosin staining. (a-2) the 
vacuoles show storage of PAS positive material. (b) ECG demonstrating sinus rhythm with 
very poor R wave progression in the lateral leads. (c) Cardiac MRI demonstrating a mark- edly 
dilated left ventricle with thin lateral wall with late gadolinium contrast enhancement
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7.2.3  Pompe Disease (Glycogen Storage Disease Type II)

Pompe disease (OMIM #232300) is a lysosomal storage disorder caused by muta-
tions in the GAA gene, resulting in deficiency of the enzyme acid α-glucosidase 
[17]. Glycogen accumulates in lysosomes resulting in progressive cardiac and skel-
etal myopathy.

Typically, infants present within the first few months of life, with cardiorespira-
tory distress, hypotonia and failure to thrive [18]. Without treatment, the condition 
is rapidly progressive with a median age of death of less than 1 year. Gross hyper-
trophy of the heart occurs, progressing to left ventricular outflow obstruction. 
Children may present with congestive cardiac failure due to impaired myocardial 
relaxation. Enlargement of the heart can also result in diminished lung volumes, 
atelectasis, and bronchial compression. Progressive deposition of glycogen results 
in conduction defects, with shortening of the PR interval on ECG. The ECG will 
also show very large QRS complexes, as well as other features typical of HCM. CXR 
shows cardiomegaly and sometimes pulmonary oedema. Echocardiogram show 
severely increased left ventricular mass, usually fairly concentric.

Late-onset Pompe disease in contrast can present at various ages, throughout 
childhood and adulthood, and is predominantly characterized by skeletal muscle 
weakness and respiratory insufficiency. Presentation in late childhood to adoles-
cence is typically not associated with heart complications, although some adults 
with late onset disease have been found to have arteriopathy, with ectasia of the 
basilar and internal carotid arteries and dilation of the ascending thoracic aorta [19]. 
Clinically relevant cardiomyopathy is uncommon in late-onset disease and in the 
occasional adult patient with non-specific cardiac findings, other risk factors such as 
hypertension, dyslipidemia etc. should be sought [20].

Diagnosis is now frequently done non-invasively by measurement of GAA enzyme 
activity from dried blood spots. Inheritance is autosomal recessive. Pathogenic 

overload of storage material leading to cell death and secondary fibrosis results 
in cardiac failure.

Patients with glycogenin-1 deficiency and cardiomyopathy demonstrate 
extensive late gadolinium enhancement by cardiac MRI. An endomyocardial 
biopsy will demonstrate glycogen storage, and the diagnosis can be confirmed 
by GYG1 gene analysis.

Both normal as well as abnormal glycogen forming amorphous or fibrillar 
material in the myocardium are seen on biopsy. The accumulated glycogen is 
partly alpha-amylase resistant and has a partly filamentous structure compat-
ible with amylopectin-like material or polyglucosan bodies. Polyglucosan 
body storage is also found in other inherited metabolic disorders affecting the 
heart including deficiency of branching enzyme (GSD IV) and phosphofruc-
tokinase (GSD VII), as well as RBCK1 and PRKAG2 defects [16]. These are 
summarized in Table 7.2.
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variants that introduce mRNA instability, such as nonsense variants, are also more 
commonly seen in the infantile form as they result in nearly complete absence of 
GAA enzyme activity. Missense and splicing variants may result in either complete or 
partial absence of GAA enzyme activity and therefore may be seen in both infant-
onset and late-onset Pompe disease.

• Two mutations p.Glu176ArgfsTer45 (c.525delT) and deletion of exon 18 
(p.Gly828_Asn882del; c.2482_2646del) are particularly common variants 
among the Dutch [21]. They result in negligible GAA enzyme activity and are 
associated with the severe infantile form of the disease.

• c.336-13T>G is seen in 36–90% of cases of late-onset Pompe disease [22, 23]. 
The variant leads to a leaky splice site resulting in greatly diminished, but not 
absent, GAA enzyme activity.

• The variant p.Asp645Glu, is found among a high proportion of infant-onset 
cases in Taiwan and China [24].

7.2.4  Management

Regular intravenous enzyme replacement therapy (ERT) with recombinant GAA 
(rhGAA) has significantly altered the prognosis of some infants with Pompe dis-
ease, with overall survival increasing to about 60%, and ventilator-free survival to 
40% [25–27].

Response to ERT in infants depends largely on the child’s cross-reactive immuno-
logic material (CRIM) status. CRIM-positive patients produce some protein that is 
immunologically similar to rhGAA [28]. CRIM-negative children who have infant-
onset Pompe disease are likely to have two null variants and produce no protein, or a 
very truncated GAA [29]. CRIM-negative patients will therefore produce antibodies 
to ERT that significantly diminish its effectiveness, and may require treatment with 
additional immunomodulatory therapy in an attempt to mitigate this [30].

In ERT-responsive patients both the septal and posterior wall thicknesses decline 
rapidly, within weeks [31]. LV size decreases dramatically and the mass-to-volume 
ratio falls quickly in most patients. With the start of therapy, some patients may 
experience a decline in indices of systolic function, ejection fraction and the short-
ening fraction. These improve with ongoing treatment. Left ventricular outflow tract 
obstruction and symptoms of cardiac failure usually resolve. However, long-term, 
skeletal and respiratory muscle involvement may not respond so effectively, and 
significant disability may persist.

7.2.5  Danon Disease

Danon disease (OMIM #300257) is caused by mutations in the lysosome-associated 
membrane protein-2 (LAMP2) gene, a structural protein involved in autophagy [32, 
33]. Mutations lead to disruption of intracytoplasmic trafficking and accumulation 
of autophagic material and glycogen in skeletal and cardiac muscle cells. There are 
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three LAMP2 protein isoforms, LAMP-2A, LAMP-2B, and LAMP-2C, which dif-
fer only at the carboxy-terminal lysosomal transmembrane domain and at their short 
cytosolic tail [34]. While LAMP-2A is more ubiquitously expressed, LAMP-2B is 
expressed at a higher level in the heart, skeletal muscle and brain [35].

The characteristic clinical triad of this X-linked disease is cardiomegaly, proximal 
muscle weakness and (mild) learning difficulties. Additional features such as reti-
nopathy, pulmonary, gastrointestinal and hepatic disease may also be present [36].

Males tend to present in their teens with symptoms of either skeletal or cardiac 
myopathy (Fig. 7.6). Cardiomyopathy is progressive and without cardiac transplan-
tation, morbidity, by the age of 25 years, is high [37, 38]. Hypertrophic cardiomy-
opathy predominates initially, with progressive to dilated cardiomyopathy later in 
the course of the disease. Atrial and ventricular arrthymias may occur. Cardiac abla-
tion procedures and defibrillator implantation are frequently required. Death may be 
caused by either cardiac failure or sudden cardiac death.

The most common ECG finding is a Wolff-Parkinson-White syndrome pattern. 
As WPW is present in nearly 70% of affected males, Danon disease should be 
excluded in any young male who presents with WPW and cardiomyopathy.

In general, women are less severely affected. The WPW pattern is less frequently 
seen (27%), and cardiac transplantation is required less often (18%) [36, 37]. Other 
systemic features also tend to be milder, and less prevalent.

Diagnosis is generally confirmed by genetic testing firstline in those individuals 
for whom there is a suspicion of the condition. Histology of muscle biopsy typically 
shows a vacuolar myopathy with small basophilic granules within the myofibers, 
highlighted with acid phosphatase. Immunohistochemistry reveals LAMP2 protein 
deficiency.

Genotype-phenotype data indicate that nonsense, frameshift and large deletion/
duplication mutations in the LAMP2 gene are associated with an earlier age of 
onset. Splicing mutations show a trend towards a later onset, while missense 
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mutations have the latest onset of all mutation types [38, 39]. The exon 7-skipping 
mutation c.928G > A is the most frequently reported mutation. The vast majority of 
LAMP2 mutations affect all three isoforms and to-date isoform-specific mutations 
have only been reported for the LAMP-2B isoform. These mutations restricted to 
the LAMP-2B isoform have been reported to cause Danon disease, but with a pre-
dominant skeletal muscle weakness.

7.2.5.1  Management
Management includes regular cardiac evaluation, optimising treatment for cardiac 
failure, with early consideration of ICD implantation for symptomatic arrhythmias. 
Prompt consideration for cardiac transplantation should be given to patients with 
progressive symptoms or significant decrease in LVEF.

7.2.6  Disorders of Fatty Acid Metabolism

This group of disorders includes carnitine transport defects, fatty acid oxidation 
defects and mitochondrial electron transfer defects (see Table 7.1). Mitochondrial 
fatty acid metabolism (Fig.  7.7) is an important pathway for energy production, 
particularly during situations of increased metabolic demand such as fasting, febrile 
illness or exertion. Carnitine transfers long-chain fatty acids as acylcarnitine esters 
across the inner mitochondrial membrane for β-oxidation, and preserves the cellular 
CoA homeostasis [40]. Carnitine balance in humans is maintained by dietary 
sources, endogenous carnitine biosynthesis and efficient renal reabsorption of 
carnitine.

Most patients with a fatty acid metabolism defect present in childhood, but presen-
tation in adulthood is also recognised. Broadly speaking, earlier onset clinical presen-
tation is associated with more severe, multisystem disease, involving liver, heart and 
skeletal muscle. Cardiac manifestations include cardiomyopathy, arrhythmias, con-
duction abnormalities, pericardial effus ion, cardiogenic shock and sudden death. 
Early-onset cardiomyoapthy is associated with a high mortality. Later–onset disease 
is more often characterized by exercise-induced muscle pain and weakness, some-
times associated with myoglobinuria and rhabdomyolysis. Cardiac involvement is 
less prevalent in adult presentations. The majority of heterozygotes are asymptomatic, 
but some reports of heterozygotes with symptoms have been published.

Tandem mass spectrometric measurement of serum/plasma acylcarnitines is the 
initial screening test. Definitive diagnosis of fatty acid oxidation disorders is usually 
made by demonstration of reduced fatty acid oxidation (in cultured fibroblasts) 
alongside reduced enzyme activity. Histopathological studies of the heart have 
shown cytoplasmic vacuolation with fatty infiltration [41].

All fatty acid metabolism disorders are autosomal recessively inherited. 
Increasingly, these genes are included in next-generation sequencing panels for 
investigation of adults who present with rhabdomyolysis. Prevalent or “common” 
mutations have been identified in a number of conditions. There is some recognized 
genotype-phenotype correlation for a number of disorders:
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• The homozygous mutation c.95A>G (p.N32S) is associated with a severe geno-
type and very low levels of free carnitine in individuals from the Faroe Islands 
[42].

• CPT2—the S113L mutation accounts for approximately 60% of mutant alleles 
in Caucasians with myopathic CPT II deficiency [43]. The P50H mutation is also 
associated with myopathic disease. These mutations are not associated with car-
diac involvement. The following pathogenic variants are associated with the 
severe infantile hepatocardiomuscular form: p.Tyr120Cys, p.Arg151Gln, p.
Asp328Gly, p.Arg382Lys, p.Arg503Cys, p.Tyr628Ser, and p.Arg631Cys. The 
lethal neonatal form is associated with severe pathogenic variants including p.
Lys414ThrfsTer7.

• ACADVL—the V243A mutation is associated with mild or asymptomatic disease 
[44].

• HADHA—most Caucasian patients with isolated LCHAD deficiency are homo-
zygous for the G1528C mutation in the HADHA gene [45].
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Fig. 7.7 Carnitine transport and fatty acid oxidation. Transfer of carnitine across the cell mem-
brane requires a high-affinity transporter, OCTN2, present in the heart, skeletal muscle and kidney. 
Long-chain fatty acids are transported across the mitochondrial membrane by a process mediated 
by acylcarnitine translocase and carnitine palmitoyltransferases 1 and 2. Once inside the mitochon-
dria, the carnitine is recycled to the cytoplasm and the acyl-CoA esters enter the β-oxidation path-
way. Each β-oxidation cycle shortens the acyl chain by two carbon atoms and results in the 
production of one molecule of acetyl-CoA which can then enter the tricarboxylic acid (TCA) cycle 
ultimately delivering electrons to the mitochondrial respiratory chain to produce energy in the 
form of ATP or, in the liver, be used to generate ketone bodies
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7.2.6.1  Management

Carnitine Supplementation
Individuals with primary carnitine deficiency respond well if oral L-carnitine sup-
plementation is started before irreversible organ damage occurs. Doses of 100–
400 mg/kg/day, divided in three doses are usually given [46].

Dietary Modifications
A major goal of treatment is to provide a sufficient source of energy, particularly 
during times of increased demand e.g., intercurrent infection, fever, peri-opera-
tively, during exercise etc. Depending on the disorder, a number of different dietary 
modifications are suggested and specialist metabolic dietitian support is advised. 
Most of the evidence for dietary recommendations comes from the paediatric lit-
erature and there is little to strongly support regular dietary modifications in newly-
presenting adults with for example, myopathic CPT II or VLCAD deficiencies [47, 48] 
(Fig. 7.8).

In general, prolonged fasting should be avoided in all fatty acid metabolism 
defects to reduce the risk of acute decompensation. In young children (<1 year) or 
in those with severe disorders, overnight fasting may need to be avoided, and man-
aged with uncooked cornstarch or continuous overnight pump feeding. Long-chain 
fat is restricted in patients with severe long-chain FAODs e.g., CPT IA, CACT, CPT 
II, LCHAD, MTP and VLCAD deficiencies. Replacement medium-chain fats are 
used as they can enter the mitochondria independently of carnitine and also bypass 
the long-chain beta oxidation enzymes. Some adults may follow a normal diet when 
well, but dietary modification (with intravenous dextrose if needed) may be advis-
able during periods of metabolic stress e.g., intercurrent illness, surgery.

Most adults with CPT II or VLCAD deficiencies, who present with late-onset 
muscle symptoms only, will follow a normal/low-fat diet with minimal modification 
when well.

In any patient on a fat-restricted diet consideration should be given to supple-
mentation with essential fatty acids e.g., with walnut, soy or wheatgerm oil.

Supplementation of MCT and carbohydrate 20 min prior to exercise may improve 
the ability of patients with myopathic long-chain FAODs to exercise [49]. In general 
exercise is not contraindicated in otherwise well adults with myopathic disease, but 
they should be advised to take regular rest periods and stay hydrated. Some patients 
will not be able to tolerate prolonged exercise.

Triheptanoin is an ester of three C7 (odd-chain) fatty acids. Oxidation of trihep-
tanoin generates both propionyl-CoA and acetyl Co-A, and as such is thought to be 
more effective than conventional MCT in replenishing tricarboxylic acid cycle 
intermediates. It has been used and recommended in a number of long-chain FAOD, 
including VLCAD and CPT II deficiencies [50–52].

Many patients with MADD deficiency respond to riboflavin supplementation 
(usually 100 mg/day) [53, 54].
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7.2.7  Acute Decompensation

Precipitants of acute decompensation should be avoided/treated promptly if possi-
ble e.g., fever, intercurrent illness, prolonged fasting due to surgery or illness, or 
prolonged physical exertion. Some patients may also experience episodes of decom-
pensation around periods of mental stress e.g., examinations. Symptoms/signs of 
cardiac involvement should be actively sought during episodes of acute decompen-
sation, particularly in young children.

Patients should have advice regarding starting an appropriate high-carbohydrate 
oral or intravenous regimen if indicated. The aim is to provide sufficient glucose to 
stimulate insulin secretion and suppress lipolysis. Hypoglycemia in an adult patient 
with an FAOD is a late event, and additional glucose should be started without delay, 
before the blood glucose level falls. Essential supplements such as carnitine (in primary 
carnitine deficiency) or riboflavin (in MADD) should be continued, if necessary by 
nasogastric tube, particularly in the event of intercurrent illness. In the UK, guidelines 
for the emergency management of many disorders of fatty acid oxidation are available 
on the British Inherited Metabolic Disease Group Website at www.BIMDG.org.uk.

Extracorporeal membrane oxygenation (ECMO) has been used in a small num-
ber of individuals with decompensated cardiomyopathy, with variable success [55].

Fig. 7.8 ECG from an individual with very long chain acyl-CoA dehydrogenase (VLCAD) defi-
ciency. ECG showing nonspecific abnormalities of a notched QRS complex and infero-lateral T 
wave changes

Clinical Case Report 4: Propionic Acidemia
A 17 year old male presented with a 6 week history of increasing lethargy and 
reduced appetite with a severe decompensated cardiomyopathy [56]. He was 
the eldest child of Pakistani consanguineous parents and had been diagnosed 
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with propionic acidemia (PA) at 18  months of age, having presented with 
recurrent episodes of ketoacidosis and severe dehydration during intercurrent 
illness. At 15 years, on routine monitoring, a mild dilated left ventricle, with 
no haemodynamic consequences was noted.

At this presentation, he was hyperammonemic (ammonia 161 μmol/L). 
Chest X-Ray showed cardiomegaly. An echocardiogram revealed left ventri-
cle dilation (diastolic left ventricle internal diameter 7.2 cm), mitral regurgita-
tion, apical thrombus, and a shortening fraction of 12%.

A cardiac biopsy was performed which revealed endocardial fibrosis and 
enlarged mitochondria with atypical cristae on ultrastructural examination. 
Propionylcarnitine was markedly increased (9.177 nmol/mg, RR: 0.021–0.203) 
and myocardial CoQ10 was markedly decreased (224 pmol/mg, RR: 942–2738).

Treatment from admission consisted of: dietary protein restriction for 5 days, 
ammonia scavengers, adequate caloric intake, hydroxybutyrate, riboflavin, thia-
mine, L-carnitine, metronidazole and CoQ10. Inotropic, diuretic and ventila-
tory support was required. Continuous veno-venous filtration was needed from 
days 7 to 18. A ventricular assist device (Berlin Heart EXCOR, Berlin Heart 
AG, Germany) was implanted at day 8. Heart failure slowly improved and the 
assist device was removed at day 67. He was discharged home at day 95 (short-
ening fraction 32% at discharge). Medications on discharge included carvedilol 
3.125  mg twice daily, spironolactone 25  mg daily, aspirin 75  mg daily and 
Lisinopril 7.5 mg daily. He remained well for several months.

On follow-up he had ongoing issues with medication compliance. One 
year after discharge his left ventricular end diastolic measurement was 61 mm 
(Z-score 5.6) with a fractional shortening of 13%. Two months later, now 
aged 19 years, this had worsened to LV ED of 69 mm (Z-score 8.6), with an 
increase in the left atrial area (Z-score 8.7). There was moderate mitral and 
tricuspid regurgitation, with diastolic dysfunction. There was no pericardial 
effusion or intracardiac thrombus. The importance of medication adherence 
was emphasised and carvedilol was increased to 6.25 mg twice daily. Two 
months after this he re-presented in cardiac failure and was admitted to hospi-
tal. Treatment as above was unsuccessful, and he died during this admission.

Propionic acidemia:
The organic acidemia, propionic acidemia (OMIM #606054) is an autosomal 
recessive condition caused by deficiency of the enzyme propionyl-CoA carbox-
ylase (PCC). PCC is a biotin-dependent enzyme, located in the mitochondrial 
matrix and involved in the metabolism of propionate, an intermediary metabolite 
formed from the metabolism of four essential amino acids (methionine, threo-
nine, valine, isoleucine), odd-chain fatty acids and the side chain of cholesterol. 
Presentation is typically either in the neonatal period with severe ketoacidosis, 
hyperammonemia, pancytopenia and residual neurological sequelae in survivors 
or later-onset with recurrent episodes of ketoacidosis triggered by catabolic 
stress (e.g., fasting, infection or surgery). Treatment includes avoidance of catab-
olism, adequate calories, reduction in dietary protein intake (to reduce propio-
genic precursors), carnitine supplementation and management of acidosis.
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Cardiomyopathy has been recognised as a complication of PA since 1993, 
although there are fewer than 30 reported cases in the literature [56]. The age 
of diagnosis of PA, degree of metabolic control, or amount of residual enzyme 
activity do not seem to modify the risk for cardiomyopathy, which has been 
reported in otherwise well individuals without metabolic decompensation. 
Cardiomyopathy is most frequently dilated in nature, though hypertrophic 
disease has also been reported [57]. More than a third of reported patients 
with cardiomyopathy have died. Figure 7.9 shows ECG and echocardiogram 
findings in an 10 year old male with cardiomyopathy secondary to PA.

a

b

Fig. 7.9 ECG and echocardiogram findings in an individual with propionic acidemia (A 
Rizvi). (a) ECG with reduced QRS amplitude in the limb leads, and infero-lateral T wave 
changes caused by dilated cardiomyopathy. (b) Four chamber image showing left ventricu-
lar dilation. Systolic function was severely impaired
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Clinical Case Report X: Mucopolysaccharidosis I (MPS I)(Hurler-
Scheie Disease)
A 30 male, diagnosed with an attenuated form of mucopolysaccharidosis type 
I (MPS I) aged 20 years, presented with increasing breathlessness, and an 
episode of sudden exertional syncope [62].

An echocardiogram showed thickening of the aortic valve leaflets, with 
restricted leaflet motion (Fig. 7.10a). He had LVH at the basal septum with 
a MWT of 1.3  cm. The peak Doppler-derived gradient across the aortic 
valve was 58 mmHg with a mean gradient of 36 mmHg. Planimetry mea-
surement of the aortic valve area was 0.8 cm2. CT coronary angiogram was 
normal.

His other complications of MPS I included: short stature, typical facies, 
reduced nocturnal oxygen saturation (nadir 60%) and spinal stenosis on MRI 
(from the cranio- cervical junction to C4/C5) with associated (asymptomatic) 
cord compression. He had started treatment with enzyme replacement therapy 
(ERT), laronidase (Aldurazyme®) one year previously.

Following an elective tracheostomy, a transcatheter aortic valve (Edwards 
Sapien XT 26  mm) (TAV) was inserted under general anaesthesia without 
complications (Fig. 7.10b). The patient recovered well with resolution of his 
exertional symptoms.

The mucopolysaccharidososes
The mucopolysaccharidoses (OMIM #252700) are a group of lysosomal stor-
age disorders caused by deficiencies in specific lysosomal enzymes involved 
in the sequential degradation of glycosaminoglycans (GAGs: dermatan, hepa-
ran, keratan and chondroitin sulphates), leading to substrate accumulation in 
the lysosomes of various cells and tissues, and progressive multi-organ dys-
function. Most patients appear unaffected at birth, but with time develop typi-
cal clinical features. Seven disorders (MPS I, II, III, IV, VI, VII and IX), 
caused by 11 different enzyme deficiencies are described. All, apart from 
MPS II (X-linked), are autosomal recessive in inheritance. The age at presen-
tation and the severity of phenotype of most disorders is variable but typical 

The pathogenesis in uncertain but may include direct toxicity of propionyl-
carnitine (either acute and/or cumulative long-term) and/or mitochondrial 
dysfunction (low complex I, III, IV and CoQ10 levels have been reported) 
[57, 58]. PA-related cardiomyopathy has been reported to be reversible after 
orthotopic liver transplantation and it has been suggested that liver transplan-
tation could be considered after recovery of cardiac decompensation to pre-
vent further relapses [59–61].
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complications include: coarse facial features, frequent ear infections and hear-
ing impairment, restrictive pulmonary disease, herniae, hepatosplenomegaly, 
skeletal and joint involvement (dysostosis multiplex), ocular problems, cardiac 
disease and (in types I, II, III, VII) intellectual impairment. Those with severe 
disease present in early childhood, whereas those with attenuated forms may 
not present until adulthood.

Cardiac problems are reported in all MPS types, and are thought to result 
from GAG accumulation in the myointima of coronary arteries, myocardium 
and spongiosa of cardiac valves. This results in cardiac valve thickening, val-
vular regurgitation and stenosis, and cardiac hypertrophy. Other reported car-
diovascular complications include hypertension, heart failure, myocardial 
infarction, stroke, heart block and sudden death. The prevalence of cardiovas-
cular disease is high, occurring in 60–100% of those with MPS I, II or VI and 
up to 40% of those with MPS IV [63, 64].

Dermatan sulphate GAGs constitute around 20% of the GAGs in normal 
heart valves and so cardiac valvular disease is particularly common in those 
MPS disorders in which dermatan sulphate accumulates, i.e., MPS I, II, and 
VI (Fig. 7.11). Left-sided valves are more commonly affected and thickening 
and stiffening of the valve leaflets can lead to mitral and aortic regurgitation 
and/or stenosis.

Initial cardiac assessment including physical examination, ECG, echocar-
diogram and Holter monitoring is recommended. Depending on clinical need, 
this should be repeated every 1–3 years. Bacterial endocarditis prophylaxis is 
also advised. Treatment options for MPS include hematopoietic stem cell 
transplantation (MPS I) or ERT (MPS I, II, IVA, VI). Both have been reported 
to improve cardiomyopathic parameters of disease, but cardiac valve disease 

a b

Fig. 7.10 Clinical case report X: Echocardiogram and MRI of an individual with muco-
polysaccharidosis I (MPSI) (Z Khan). (a) Pre-operative echocardiogram—parasternal long 
axis image showing diffuse thickening of the aortic valve. (b) Post-operative cardiac MRI 
demonstrating the TAVI in place
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appears to be less responsive [65]. Valve replacement may be indicated [66]. 
Determining timing of surgery may be difficult, as patients with limited 
mobility may have few symptoms despite significant echocardiogram find-
ings. Most valve replacements to date have been with mechanical valves and 
the durability of biological valves and TAVI is unknown in this patient group.

Due to the multi-system nature of MPS, operative risks may be higher and 
involvement of a specialist team is advised with potential airway and intuba-
tion issues, spinal cord stenosis, restrictive pulmonary disease, skeletal dysos-
tosis and the short stature of patients to be considered pre-operatively. In 
addition, valve surgery may be technically difficult due to small, fibrotic valve 
annuli.

a b

Fig. 7.11 Echocardiogram of an individual with mucopolysaccharidosis VI (MPSVI). 
Echocardiogram—2d and colour flow mapping images showing diffuse mitral valve thick-
ening with reduced leaflet excursion in systole and moderate regurgitation

7.2.8  The Mucolipidoses

Figure 7.12 shows an echocardiogram from an individual with mucolipidosis (ML) 
type III and valve disease. The mucolipidoses combine clinical features of the 
mucopolysaccharidoses (above) and the sphingolipidoses [67]. Sphingolipids are 
major components of cellular membranes. Mucolipidosis type II (OMIM #252500) 
and type III (OMIM #252600) are autosomal recessive conditions caused by defi-
ciency of the enzyme N-acetylglucosamine-1-phosphotransferase, a hexamer 
(ααββγγ). Mutations in GNPTAB (encoding the alpha and beta subunits) cause ML 
II/III; mutations in GNPTG (encoding the gamma subunit) cause ML III. ML II is a 
more severe phenotype, associated with death in childhood.

Gradual thickening and subsequent insufficiency of the mitral valve and the aor-
tic valve are common from late childhood onward [67–69]. Left and/or right ven-
tricular hypertrophy is often found in older individuals. Pulmonary hypertension 
may occur in some older individuals. Rapid progression of cardiac disease is rarely 
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observed in ML III. Cardiorespiratory complications are common causes of death, 
typically in early to middle adulthood.

Diagnosis is by measurement of the enzyme deficiency in fibroblasts, con-
firmed by genetic testing. Supportive biochemical findings include increased uri-
nary excretion of oligosaccharides, and that the activity of nearly all lysosomal 
hydrolases is up to tenfold higher in plasma and other body fluids than in normal 
controls because of inadequate targeting to lysosomes. Urinary GAGs excretion is 
normal.

Homozygous and compound heterozygous genotypes that produce no or nearly 
no functional enzyme activity (caused by premature translation termination and/or 
frameshift effects) result in the ML II phenotype [70]. Missense mutations, and 
most of the splice-site variants, that result in up to 10% of residual enzyme activity, 
cause the more slowly evolving ML III phenotype.

7.2.8.1  Management
Current management options are supportive/symptomatic.

7.2.9  Fabry Disease

Fabry disease (OMIM #301500) is a X-linked lysosomal storage disorder result-
ing from deficient activity of the enzyme α-galactosidase (α-Gal A) and progres-
sive lysosomal accumulation of globotriaosylceramide (Gb3) in cells throughout the 
body [71].

The classic form, occurring in males with less than 1% α-Gal A enzyme activity, 
usually has its onset in childhood or adolescence with periodic crises of severe pain 
in the extremities (acroparesthesias), the appearance of vascular cutaneous lesions 
(angiokeratomas), sweating abnormalities (anhydrosis, hypohydosis, or rarely 
hyperhidrosis), characteristic corneal and lenticular opacities, and proteinuria. 

Fig. 7.12 Echocardiogram of an individual with mucolipidosis III.  Echocardiogram: M-mode 
colour flow mapping parasternal long axis view and apical 5 chamber colour flow mapping images 
showing severe aortic regurgitation
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Gradual deterioration of renal function to end-stage renal disease usually occurs in 
men in the third to fifth decade. Cardiac and/or cerebrovascular disease, is also a 
major cause of morbidity and mortality.

Heterozygous females typically have milder symptoms at a later age of onset 
than males. Rarely, they may be relatively asymptomatic with a normal life span or 
they may have symptoms as severe as those observed in males with the classic 
phenotype.

Cardiac involvement in Fabry disease includes a progressive, infiltrative hyper-
trophic cardiomyopathy with predominantly left ventricular wall-thickening with-
out cavity dilatation, structural changes in the mitral and aortic valves, 
hypertension, myocardial scarring, progression to heart failure and conduction 
abnormalities with increased risk of arrhythmias and sudden death. Progressive 
Gb3 accumulation and fibrosis are thought to be the major mechanisms underlying 
these abnormalities.

ECG changes including ST segment changes, T-wave inversion, and dysrhyth-
mias such as a short PR interval and intermittent supraventricular tachycardias may 
be caused by infiltration of the conduction system (Fig.  7.13). Left ventricular 
hypertrophy, often associated with hypertrophy of the interventricular septum and 
appearing similar to hypertrophic cardiomyopathy (HCM), is progressive and 
occurs earlier in males than females.

Magnetic resonance studies using gadolinium demonstrate late enhancement 
areas, corresponding to myocardial fibrosis and associated with decreased regional 
functioning as assessed by strain and strain-rate imaging [72, 73]. T1 mapping illus-
trates intramural fat deposition and posterior wall fibrosis [74].

7.2.10  Cardiac Variant Fabry Disease

Men with greater than 1% α-Gal A activity may have a cardiac variant phenotype 
that usually presents in the sixth to eighth decade with left ventricular hypertrophy, 
mitral insufficiency and/or cardiomyopathy, and proteinuria, but without significant 
renal disease. Magnetic resonance imaging of the heart typically shows late enhance-
ment of the posterior wall with gadolinium reflecting posterior wall fibrosis [72]. 
Clinical manifestations of the cardiac variant of Fabry disease are found in women 
as well as men.

7.2.10.1  Genotype-Phenotype Correlations
Private mutations are common in families with Fabry disease making prediction of 
genotype-phenotype associations difficult.

• Affected males with frameshift and nonsense variants typically present with 
classic Fabry disease; males with missense pathogenic variants can present with 
either classic or atypical phenotypes [75]. Individuals with later-onset atypical 
variants (renal, cardiac, or cerebrovascular disease) tend to have missense or 
splicing mutations that express residual α-Gal A enzyme activity [76].
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• A number of mutations including (p.Arg112His, p.Arg301Gln, and p.Gly328Arg) 
have been identified in individuals with both the classic phenotype and the car-
diac variant phenotype, suggesting that other modifying factors may be involved 
in disease expression [77].

• Disease manifestations in individuals with the p.Asn215Ser mutation are reported to 
be less severe than those in age-matched individuals with classic Fabry disease [78].

• Newborn screening in Taiwan has revealed a high prevalence (~1:1600 males) of 
individuals with the IVS4+919G>A mutation which is associated with late-onset 
cardiac features [79].

a

b

Fig. 7.13 ECG and MRI findings in Fabry disease. (a) The ECG shows changes of LV hypertro-
phy and a short PR interval. (b) The cardiac MRI shows concentric left ventricular hypertrophy 
with diffuse late gadolinium enhancement
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7.2.10.2  Management
There are a number of available licensed treatments for Fabry disease including two 
intravenous enzyme replacement therapies (agalsidase alfa (Replagal®) and agalsi-
dase beta (Fabrazyme®)) and Migalastat (Galafold®), an orally administered mole-
cule that binds with and refolds the faulty α-Gal A enzyme to restore its activity. 
This allows it to enter the lysosome and to break down Gb3.

ERT is reported to slow the progression to LVH, and to reduce or stabilize LVMI 
in patients with LVH at initiation of treatment, but may not be able to reverse or 
stabilize cardiac disease in older patients with more severe disease [80–82]. A meta- 
analysis of effect of ERT on LVM (in which the longest follow-up period was 
5.5 years) showed that in men with LVH at baseline ERT stabilizes the increase in 
LVM. In men without LVH at baseline, LVM showed a slight increase during ERT, 
but this increase was lower than that in an untreated group [83]. In women with 
LVH at baseline there was a decrease in LVM with ERT, and stabilization in those 
without LVH. A 10-year follow-up study of 45 patients on ERT with agalsidase alfa, 
showed that no patients without LVH at treatment initiation developed LVH, and 
that no patients with LVH at treatment initiation showed an increase in LVM [81]. 
At treatment initiation 14 of these individuals had New York Heart Association, 
NYHA class symptoms ≥II and 11 had anginal symptoms (Canadian Cardiovascular 
Society, CCS score ≥ 2). Two individuals improved and one worsened their NYHA 
score, while the others remained stable. All eleven individuals improved their CCS 
score.

Early data suggests that Migalastat, the oral pharmacological chaperone that sta-
bilises specific mutant (amenable) forms of α-Gal to facilitate normal lysosomal 
trafficking, may be a viable alternative to intravenous ERT [84].

Although disease-specific evidence is lacking general preventive measures such 
as weight management, stopping smoking and use of antithrombotic, antihyperten-
sive and lipid-lowering agents are recommended in individuals with symptoms of 
cardiac ischemia.

7.2.11  Mitochondrial Diseases

Mitochondrial diseases are discussed in detail in Chap. 10, mitochondrial cardio-
vascular disorders.

7.2.12  Congenital Disorders of Glycosylation

Congenital disorders of glycosylation (CDG) are a group of disorders caused by 
defects in the synthesis and processing of the glycan moiety of glycoproteins and 
glycolipids [85]. Glycan chains may be either N-linked (via the “N” atom of a par-
ticular amino acid) or O-linked (via the “O” atom of a particular amino acid) to a 
protein. Glycosylation is essential to result in the unique structure that gives a gly-
coprotein its distinct structure, solubility and stability, ensuring that the final protein 
is localized correctly and functionally intact.
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CDGs are in general multisystem diseases, most often presenting in childhood, 
though milder cases have been diagnosed in adulthood. They are divided into four 
groups: disorders of protein N-glycosylation, O-glycosylation, lipid glycosylation 
and disorders of other glycosylation pathways and multiple glycosylation pathways. 
They are named by their gene symbol, followed by –CDG.  The majority have 
involvement of the central nervous system. There is wide clinical variability, but 
symptoms include psychomotor retardation, ataxia, polyneuropathy, epilepsy, endo-
crine abnormalities, growth retardation, visual and hearing loss, cardiac, renal, 
hepatic and gastrointestinal involvement. Both hypertrophic and dilated cardiomy-
opathy have been described [86–93].

Protein N-glycosylation disorders are the most prevalent and, by far, the most 
common disorder is PMM2-CDG which typically presents in early childhood with 
hypotonia, strabismus, inverted nipples, dysmorphic facial features, failure to thrive 
and cardiac involvement (cardiomyopathy or pericardial effusions). Dilated cardio-
myopathy has also been described in patients with ALG6-CDG, DPM3-CDG, and 
DOLK-CDG.

DOLK-CDG is a disorder with dilated cardiomyopathy with ichthyosiform skin 
abnormalities and hypotonia, with a highly variable outcome. Children with pre-
dominant cardiac involvement, without significant multisystem organ disease have 
been reported [94]. Several have received a cardiac transplant for symptomatic dis-
ease, which may be precipitated by intercurrent infection. Patients with CDG may 
be at risk of disordered coagulation, the potential for imbalance of the level of both 
pro- and anticoagulant factors may lead to either bleeding or thrombosis. During 
catabolic states (e.g., infection, fever) therefore careful attention needs to be given 
to prevention of bleeding, thrombosis, and stroke like-episodes in those with cardio-
myopathy, particularly if surgery is required. Prolonged immobilization and dehy-
dration should also be avoided.

There are characteristic laboratory features which may support a diagnosis of a 
CDG, including decreased factor IX, XI, AT-III, protein C, protein S, albumin and 
caeruloplasmin. Liver function tests may be abnormal and there may be associated 
anemia, thrombocytopenia and endocrine abnormalities. Serum transferrin glyco-
form analysis by isoelectric focusing or mass spectrometry is used as a simple 
screening tool for CDG. The activity of the PMM2-CDG (phosphomannomutase) 
enzyme can be measured directly in leucocytes.

Inheritance is mostly autosomal recessive, sometimes autosomal dominant or 
(very rarely) in an X-linked pattern. Molecular testing approaches can include single- 
gene testing, a multi-gene panel, or more comprehensive exome/genome testing.

With regard to PMM2-CDG, three pathogenic variants are common in individu-
als of European ancestry and may be included on carrier screening panels:

• The pathogenic variant p.Arg141His is found in the compound heterozygous state 
in approximately 40% of individuals. It is never found in the homozygous state.

• The pathogenic variant p.Phe119Leu is frequently found in northern Europe, 
where the genotype [p.Arg141His]+[p.Phe119Leu] makes up a majority of all 
pathogenic variants [95]. This [p.Arg141His]+[p.Phe119Leu] genotype repre-
sents the severe end of the clinical spectrum of PMM2-CDG.
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• The pathogenic variants p.Val231Met (associated with high early mortality) and 
p.Pro113Leu are common all over Europe.

Treatment options are limited and largely supportive in nature. No specific treat-
ment is available for PMM2-CDG, but monosaccharide supplementation has been 
shown to be useful in a number of other CDGs.

7.2.13  Alkaptonuria

Alkaptonuria (OMIM #203500) is caused by deficiency of homogentisate 
1,2- dioxygenase, an enzyme involved in tyrosine metabolism. In alkaptonuria, homo-
gentisic acid accumulates, is oxidised to a melanin-like polymer that binds to and 
damages connective tissue, producing a characteristic dark pigment, ochronosis.

The diagnosis is made about 20% of the time in children under 1 year when the 
dark urine is noticed in their nappies [96]. HGA in the urine darkens upon standing 
or exposure to light. The remaining individuals are not usually diagnosed until the 
third or fourth decade of adulthood. The main presenting complaint is initially of 
back and later large joint pain, but as the disease progresses it becomes more multi-
system, with involvement of the skin, cardiac, and genitourinary systems.

Cardiovascular disease becomes evident in patients in their 50s and 60s. Features 
include valvular disease and vascular calcification. Pigment deposition, followed by 
calcification is most common in the aortic valve. In one series of patients over 
65 years, 25% had developed aortic sclerosis, 25% aortic stenosis and 25% had 
undergone a valve replacement [97]. The mitral, tricuspid and pulmonary valves 
were infrequently affected.

In addition, calcification of the coronary arteries and aorta occurs frequently. Of 
40 patients who underwent a CT scan, 65% had significant aortic calcification, with 
increasing frequency in older age [97].

The diagnosis can be confirmed by measurement of increased HGA excretion in 
the urine. Mutation analysis of the HGD gene is not required to confirm the diagno-
sis—but a database of known sequence variants is available at  http://hgddatabase.
vctisr.sk.

7.2.13.1  Management
Routine annual echocardiograms are recommended after age 40 years, or more fre-
quently if clinically indicated, to monitor for aortic valve disease.

Treatment aims to reduce the concentration of HGA.  Nitisinone (NTBC; 
2-(2-nitro-4-fluromethylbenzoyl)-1,3-cyclohexanedione) is an inhibitor of the tyro-
sine catabolic pathway, which reduces HGA production [96]. Long term (3 year) 
reduction of urine and plasma HGA can be achieved with a low dose of nitisinone 
[98]. It is not yet known whether this will lead to a reduction in clinical progression 
of the disease, and patient trials are currently underway. Nitisinone causes a rise in 
plasma tyrosine concentration, which has been associated with eye complications 
(photophobia, pain, keratopathy) in some patients. A low protein diet is therefore 
also advised to minimise the elevation in plasma tyrosine.
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7.2.14  Homocystinuria

Homocystinuria (HCU, OMIM #236200) is an autosomal recessive condition 
caused by deficiency of the enzyme cystathione β-synthase, and characterized bio-
chemically by significant elevation of the plasma amino acid, homocysteine (typi-
cally >150 μmol/L on diagnosis). Classical clinical manifestations involve the eye, 
skeleton, central nervous and vascular systems but age of onset and severity vary 
widely among affected individuals. Based mainly on genotype, a subset of patients 
respond to pyridoxine (vitamin B6), these patients tend to present later, and with a 
milder phenotype [99].

Vascular abnormalities, are well recognized in HCU [99, 100]. Most commonly 
they consist of deep venous thrombosis with/without pulmonary embolism, less 
frequently stroke (due to sagittal sinus thrombosis or carotid disease), and myocar-
dial infarction. Occlusive vascular disease may result in cognitive decline and is 
associated with significant morbidity and mortality.

In the large international study of the natural history of HCU, just over a third of 
patients had suffered a thromboembolic event—with cerebrovascular accidents 
accounting for a third of these [99]. The chance of having any thromboembolic event 
was about 25% by age 16 and 50% by age 29 years. Treatment for B6-responsive 
patients significantly reduced the occurrence of thromboembolism but patients who had 
an event remained at higher risk for a recurrent episode. Thromboembolism was a caus-
ative or contributory factor in nearly 80% of the 64 patients in the study who had died.

158 patients from another multicentre study were followed for 2841 patient- 
years of treatment [100]. Among the vascular events documented were: cerebrovas-
cular accident, transient ischemic attack, saggital sinus thrombosis, pulmonary 
embolism, myocardial infarction, deep vein thrombosis and abdominal aortic aneu-
rysm. There was a highly significant (85%) risk reduction in expected vascular 
events among treated patients. This reduction in risk occurs despite the fact that 
treatment of HCU often does not result in normal levels of homocysteine and most 
patients still have hyperhomocysteinuria.

The diagnosis of classic homocystinuria is by measurement of amino acids in 
plasma, assay of cystathionine β-synthase (CBS) enzyme activity in cultured fibro-
blasts, or molecular genetic testing of the CBS gene.

The two most common CBS pathogenic variants, p.Ile278Thr and p.Gly307Ser, 
are found in exon 8.

• p.Ile278Thr is pan ethnic; overall, it accounts for nearly 25% of all pathogenic 
variants, including 29% of the variant alleles in the UK and 18% in the US [101] 
[Moat et al 2004]. Presence of a p.Ile278Thr allele predicts B6 responsiveness.

• In some populations specific mutations have been repeatedly detected such as the 
c.919G > A (p.G307S) in the Irish, the c.572C > T (p.T191M) in Spanish, 
Portuguese and South Americans and the c.1006C > T (p.R336C) in the Qatari 
population, all causing a severe pyridoxine non-responsive form of disease when 
inherited in the homozygous state [102–104].
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7.2.14.1  Management
The aim of treatment is to reduce total homocysteine levels to at least less than 
100 μmol/L and preferably to as close to normal as possible [105]. Adequate B12 
and folate should be ensured for all patients (with supplementation if needed).

In those countries where patients are identified by newborn screening then a natu-
ral protein restricted diet supplemented by a synthetic methionine-free, cystine- 
supplemented amino acid mixture is introduced. However, starting a low protein diet 
is often unpalatable and unacceptable to older children and adult-diagnosed patients 
and many of these are not on a protein-restricted diet and are treated with medications 
alone. Betaine is a methyl donor which has been shown to reduce homocysteine by 
increasing homocysteine methylation via betaine-homocysteine methyltransferase.

Pyridoxine (vitamin B6) is a co-factor .for the enzyme cystathionine beta- 
synthase that converts homocysteine to cystathionine. Approximately 50% of 
patients with homocystinuria respond to B6 therapy though responsiveness is not 
uniform and not all patients will completely normalise their biochemistry [99].

Some clinicians use oral anti-coagulant treatment on a routine basis to further 
reduce the risk of thrombotic episodes though the long term benefits of this are 
unproven. Pregnancy is a particular time of risk for a thrombotic event in women 
with homocystinuria and prophylactic anti-coagulation, continued for the first 
6 weeks post-partum, is recommended.

7.2.15  Sitosterolemia

Sitosterolemia (also known as phytosterolemia, OMIM #210250) is a very rare autoso-
mal recessive condition caused by mutations in the ABCG5 and ABCG8 genes [106]. 
It is characterized biochemically by an increased concentration of plant sterols [107].

Clinically patients present with:

• Tendon xanthomas or tuberous xanthomas that can occur in childhood and in unusual 
locations,

• Premature atherosclerosis (angina, aortic valve involvement, myocardial infarc-
tion, and sudden death),

• Hemolytic anemia, abnormally shaped erythrocytes (stomatocytes), and large 
platelets (macrothrombocytopenia).

Sitosterolemia is likely to be underdiagnosed. Plant sterols are not detected by 
standard laboratory measurements of cholesterol, and total cholesterol concentra-
tion can be variable—ranging from normal to values similar to that seen in homo-
zygous familial hypercholesterolemia. If the diagnosis is suspected then specialist 
analysis will show elevation of the plant sterols (sitosterol, campesterol, and stig-
masterol). Shellfish sterols may also be increased.

Sterolin-1 (encoded by ABCG5) and sterolin-2 (encoded by ABCG8) form a het-
erodimer transporter; thus, affected individuals have biallelic pathogenic variants of 
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either ABCG5 or ABCG8. Asians primarily have pathogenic variants in ABCG5 and 
whites primarily have pathogenic variants in ABCG8.

7.2.15.1  Management
Sitosterolemia does not respond to standard statin treatment. Treatment aims to 
reduce plasma concentration of plant sterols to as close as possible to normal con-
centrations (reductions of 10–50% with treatment are reported).

A diet low in shellfish sterols and plant sterols (i.e., avoidance of vegetable oils, 
margarine, nuts, seeds, avocados, chocolate, and shellfish) is recommended. 
Margarines and other products containing stanols are contraindicated as they can 
exacerbate plant stanol accumulation [108]. Dietary advice is usually combined with 
the sterol absorption inhibitor ezetimibe, and if needed, a bile acid sequestrant such as 
cholestryramine [109]. Partial or complete ileal bypass surgery has also been shown 
to reduce sterol levels [110].

7.2.16  Genetic Counselling for Inherited Disorders of Metabolism

The majority of inherited disorders of metabolism are autosomal recessively inher-
ited and so the following risks to other family members apply:

Parents of a proband

• The parents of an affected individual are obligate heterozygotes and therefore 
carry one mutated allele.

Siblings of a proband

• At conception, each sibling of an affected individual has a 25% chance of being 
affected, a 50% chance of being a carrier, and a 25% chance of being unaffected 
and not a carrier.

• Once an at-risk sibling is known to be unaffected, the risk of his/her being a car-
rier is 2/3.

Offspring of a proband.

• Offspring are obligate heterozygotes (carriers) and therefore carry one mutated 
allele.

Heterozygotes (carriers) are generally asymptomatic. However, in the case of fatty 
acid oxidation disorders potential manifesting heterozygotes have been reported [111].

The small number of X-linked disorders include mucopolysaccharidosis type II 
(Hunter disease), Danon disease and Fabry disease. In MPS II the following risks apply:

Parents of a proband

• The father of an affected male will not have the disease nor will he be a carrier of 
the pathogenic variant.
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• In a family with more than one affected individual, the mother of an affected 
male may be an obligate carrier. Rarely, some heterozygous females manifest 
findings of MPS II. This is thought to result from skewed inactivation of the 
normal paternally inherited X chromosome and expression of the maternally 
inherited mutated IDS allele [112].

• If a woman has more than one affected son and the pathogenic variant cannot 
be detected in DNA extracted from her leukocytes, she has germline 
mosaicism.

• If pedigree analysis reveals that the proband is the only affected family member, 
the mother may be a carrier or the pathogenic variant in the affected male may be 
de novo, in which case the mother is not a carrier.

• When an affected male is the only affected individual in the family, there are 
several possibilities regarding his mother’s carrier status:
 – He has a de novo pathogenic variant and his mother is not a carrier.
 – His mother has a de novo pathogenic variant either (a) as a “germline muta-

tion” (i.e., present at the time of her conception and therefore in every cell of 
her body); or (b) as “germline mosaicism” (i.e., present in some of her germ 
cells only). Germline mosaicism for an IDS pathogenic variant has been 
observed in MPS II [113]. Thus, even if the pathogenic variant has not been 
identified in leukocyte DNA from the mother, siblings of the proband are still 
at increased risk of inheriting the pathogenic variant.

 – His mother has a pathogenic variant that she inherited from a maternal female 
ancestor.

Siblings of a proband

• The risk to siblings depends on the carrier status of the mother.
• If the mother of the proband has the pathogenic variant identified in her son, the 

chance of transmitting it in each pregnancy is 50%. Male siblings who inherit the 
pathogenic variant will be affected; female siblings who inherit the pathogenic 
variant will be carriers.

Offspring of a proband.

• Affected males will pass the pathogenic variant to all of their daughters and none 
of their sons.

In Danon disease hemizygous men are more severely affected than women, but 
many women also experience symptoms, including both dilated and hypertrophic 
cardiomyopathy [37].

For autosomal dominantly inherited conditions, such as cardiomyopathy caused 
by PRKAG2 mutations, each child of an individual with a familial mutation has a 
50% chance of inheriting the pathogenic variant and therefore being at risk for devel-
oping the disease.
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7.2.17  Prenatal Testing and Preimplantation Genetic Diagnosis

Once the pathogenic variant has been identified in an affected family member, pre-
natal testing for a pregnancy at increased risk and preimplantation genetic diagnosis 
is possible.
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8Mitochondrial Cardiovascular Diseases
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Abstract
Primary disorders of mitochondrial dysfunction due to mutations in nuclear 
genes or mitochondrial DNA can present with cardiac phenotypes, either in iso-
lation or within the context of a multi-system mitochondrial encephalomyopathy. 
Hypertrophic cardiomyopathy and conduction defects are common, but other 
cardiac manifestations have been described. A systematic approach to the bio-
chemical and/or genetic evaluation of these patients will usually identify the 
underlying cause, enabling genetic counseling and supportive management of 
both the cardiac and extra-cardiac features.
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8.1  General Introduction

The myocardium and the cardiac conduction system are highly energy dependent. 
Mitochondria are the principal source of intracellular energy, in the form of adenos-
ine triphosphate (ATP), so it comes as no surprise that mitochondrial dysfunction 
can lead to cardiovascular disease. Mitochondrial mechanisms have been impli-
cated in most common cardiac disorders, from ischaemic heart disease through to 
idiopathic dilated cardiomyopathy. However, this chapter will focus on genetic dis-
orders of mitochondrial function that cause cardiovascular disease. Although iso-
lated cardiomyopathy or hypertension have been described in patients with 
genetically-determined mitochondrial dysfunction, in most instances, the cardio-
vascular features are part of a multisystem disorder affecting other organs and tis-
sues that are dependent on oxidative metabolism. When taken together, cardiac 
abnormalities affect up to 65% of patients with primary mitochondrial disorders [1]. 
This equates to a population prevalence of cardiac dysfunction secondary to a mito-
chondrial disease of ~1/10,000 [2], therefore affecting ~6500 individuals in the UK, 
and ~30,000 in the USA.

8.2  Mitochondrial Biology and the Genetic Basis 
of Mitochondrial Disease

Mitochondria are subcellular organelles composed of ~1500 proteins and are found 
in all nucleated mammalian cells. Mitochondria have several functions, including 
calcium signaling, and a role in apoptosis, but a key role is their involvement in 
metabolism, cellular respiration, and the generation of ATP. This is achieved by a 
group of proteins assembled into five multimeric complexes on the inner mitochon-
drial membrane—the mitochondrial respiratory chain complexes I–IV, and complex 
V, the linked ATP synthase (Fig.  8.1). The metabolism of carbohydrates, amino 
acids, and fatty acids generates the reduced cofactors NADH, NADPH, and FADH2 
that transfer electrons to complex I and II before being passed through to IV of the 
respiratory chain, pumping protons out of the mitochondrial matrix into the inter-
membrane space. This creates an electrochemical gradient that is harnessed by com-
plex V (ATP synthase) to generate ATP from ADP.  This machinery has a dual 
genetic origin, with 13 peptides synthesized within the mitochondrial matrix from 
the 16.5 Kb mitochondrial DNA (mtDNA), and the remainder synthesized in the 
cytoplasm from nuclear gene transcripts [3].

MtDNA (Fig. 8.2) codes for seven complex I subunits (NADH-ubiquinone oxido-
reductase), one of the complex III subunits (ubiquinol-cytochrome c oxidoreductase), 
three of the complex IV (cytochrome c oxidase) subunits, and the ATPase 6 and 
ATPase 8 subunits of complex V. In addition, two ribosomal RNA genes (12S and 16S 
rRNA), and 22 transfer RNA genes provide the necessary RNA components for the 
mitochondrial translation machinery. The remaining polypeptides, including all of the 
complex II subunits, are synthesized from nuclear gene transcripts within the cytosol. 
These are subsequently imported into the mitochondria through the inner and outer 
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membrane translocation complexes. There are many additional nuclear-encoded pro-
teins that are essential for mitochondrial function including chaperones involved in 
the assembly of the respiratory chain, the mtDNA polymerase Υ, and proteins involved 
in the maintenance of mtDNA, mitochondrial transcription and protein translation. 
Mutations in nuclear and mtDNA genes can therefore cause mitochondrial cardiovas-
cular disease.

Cardiac cells cell contains >1000 copies of mtDNA. Individuals with mtDNA dis-
ease often harbour a mixture of mutated and wild-type (normal) mtDNA—a situation 
called heteroplasmy [3]. Single cells only express a respiratory chain defect when the 
proportion of mutated mtDNA exceeds a critical threshold with low levels of wild 
type mtDNA. Different organs, and even adjacent cells within the same organ, may 
contain different amounts of mutated mtDNA. This variability, coupled with tissue-
specific differences in the threshold and the varied dependence of different organs on 
oxidative metabolism, explains in part why certain tissues are preferentially affected 
in patients with mtDNA disease. In general, post-mitotic (non-dividing) tissues such 
as cardiomyocytes and the cardiac conduction system typically contain much higher 
levels of mutated mtDNA, in contrast to rapidly dividing tissues such as the blood, 
which contain lower levels of mutant mtDNA.
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Fig. 8.1 Mitochondrial respiratory chain and mitochondrial DNA. The mitochondrial respiratory 
chain consists of 5 enzyme complexes that use the products of intermediary metabolism (of pro-
teins, carbohydrates and fats) to synthesise adenosine triphosphate (ATP). MtDNA is maintained 
by a number of nuclear encoded factors. Nuclear factors also regulate the transcription of mtDNA 
(forming a messenger RNA template) and the translation of the transcripts into proteins within the 
mitochondrion. Nuclear DNA also codes for most of the respiratory chain subunits and the com-
plex assembly factors. MtDNA codes for 13 essential respiratory chain subunits and part of the 
machinery needed for protein synthesis within the mitochondrial matrix. Q = co-enzyme Q10 (ubi-
quinone). H+ = protons
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Fig. 8.2 Human mitochondrial DNA.  The 16,569 base pair human mitochondrial genome 
(mtDNA) include an inner ‘light’ (L)-strand and an outer ‘heavy’ (H)-strand reflecting the increased 
guanine content. Structurakl genes include 13 ubunits of the mitochondrial respiratory chain for 
MTND1–MTND6 and MTND4L (complex I); MTCYB (complex III); MTCO1–3 (complex IV); and 
MTATP6 and MTATP8 (complex V). The 22 tRNA and 2 rRNA genes are interspersed between the 
peptide-encoding genes. MtDNA replication is carried out by mtDNA polymerase gamma (pol γ), 
in partnership with a helicase Twinkle, topoisomerase I, mtDNA single- stranded binding protein 
and others. Two models of mtDNA replication have been proposed. In the ‘strand-displacement’ or 
‘asynchronous’ model. Replication is initiated by transcription within the noncoding mtDNA dis-
placement (D) loop and proceeds clockwise from the origin of heavy-strand replication (OH, also 
known as OriH) until the origin of light-strand replication (OL) is exposed, allowing light-strand 
synthesis to proceed clockwise until the entire molecule is copied. Alternatively, symmetric strand-
coupled replication might occur in certain circumstances; where replication is initiated from multi-
ple origins distributed across a 4 kb fragment 3′ from the D loop, and proceeds in both directions in 
replication ‘bubbles’. Replication is arrested at OH, allowing the remainder of the molecule to be 
copied in one direction. Human mtDNA has three transcription promoters: Hsp1 enables transcrip-
tion of the two ribosomal RNAs; Hsp2 promotes transcription of the rest of the heavy strand as a 
large polycystronic transcript, which is subsequently spliced into functional tRNA, rRNA and 
mRNAs; and L promotes transcription of the light strand as either one long transcript or as several 
small primer transcripts by RNase mitochondrial RNA processing (MRP). Transcription initiation 
involves the mitochondrial RNA polymerase and the mitochondrial transcription factors A and B2
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MtDNA is transmitted exclusively down the maternal line. Deleted molecules are 
rarely transmitted from clinically affected females to their offspring (risk ~1 in 24). 
By contrast, a female harboring a heteroplasmic mtDNA point mutation, or mtDNA 
duplications, may transmit a variable amount of mutated mtDNA to her children. 
Early during development of the female germ line, the number of mtDNA molecules 
within each oocyte is drastically reduced before being subsequently amplified to 
reach a final number ~500,000 in each mature oocyte. This restriction and amplifica-
tion (also called the mitochondrial ‘genetic bottleneck’) contributes to the variability 
between individual oocytes, and the different levels of mutant mtDNA seen in the 
offspring of a heteroplasmic mother female [3].

8.3  Clinical Evaluation of Mitochondrial Disease

Mitochondrial disease is clinically and genetically variable, and can present at any 
age. The same clinical syndrome can be caused by different genetic defects affect-
ing either nuclear or mitochondrial genes, and the same genetic defect may present 
in a variety of different ways. It is often possible to identify well-defined clinical 
syndromes but many patients present with a collection of clinical features that are 
highly suggestive of respiratory chain disease but do not fit into a discrete clinical 
category [4]. Table 8.1 summarises the classical clinical syndromes of mitochon-
drial disease and Fig. 8.3 shows the approach to the clinical evaluation of mitochon-
drial diseases. Clinical syndromes with prominent cardiac features are discussed in 
detail below.

The assessment of mitochondrial disorders involved a detail history, including a 
family history, followed by a systematic clinical examination to identify the multi- 
system features of mitochondrial disease. Clinical investigations fall into two main 
groups: clinical investigations used to characterize the pattern and nature of the dif-
ferent organs involved, and specific investigations to identify the biochemical or 
genetic abnormality.

8.3.1  General Clinical Investigations

Given the prevalence of cardiac features, routine clinical investigation includes a 
cardiac assessment (ECG and echocardiography, ± cardiac MRI), and an endocrine 
assessment (oral glucose tolerance test, HbA1c, thyroid function tests, alkaline 
phosphatase, fasting calcium, and parathyroid hormone levels). The organic and 
amino acids in urine may prove informative, but are often normal. Blood and cere-
brospinal fluid lactate levels are more helpful in the investigation of children than 
adults, but the results should be interpreted carefully because there are many causes 
of blood and cerebrospinal fluid lactic acidosis, including fever, sepsis, dehydra-
tion, seizures, and stroke. The cerebrospinal fluid protein may be elevated in some 
mitochondrial disorders. The serum creatine kinase level may be raised but is often 
normal. Neurophysiological studies may identify a myopathy or neuropathy. 
Electroencephalography may reveal diffuse slow-wave activity consistent with a 
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Table 8.1 Clinical syndromes of mitochondrial disease

Clinical syndrome Clinical features Age of onset Genetic basis
Alpers-Huttenlocher 
syndrome; childhood 
myocerebral hepatopathy 
syndrome

Seizures, developmental 
delay, hypotonia, hepatic 
failure

Infancy/
childhood/
early adult 
life

Recessive mutations 
in POLG

Barth syndrome Cardiomyopathy, 
neutropenia, myopathy

Infancy/
childhood/
early adult 
life

X-linked mutations 
in TAZ

Chronic progressive 
external ophthalmoplegia 
(CPEO)

Ptosis, ophthalmoparesis. 
Proximal myopathy often 
present. Various other 
clinical features variably 
present

Any age of 
onset. 
Typically 
more severe 
phenotype 
with younger 
onset

mtDNA single 
deletions
mtDNA point 
mutations (including 
m.3243A>G, 
m.8344A>G)
nDNA mutations 
(POLG1, POLG2, 
SLC25A4, C10orf2, 
RRM2B, TK2, and 
OPA1)

Kearns-Sayre syndrome 
(KSS)

PEO, ptosis, pigmentary 
retinopathy, cardiac 
conduction abnormality, 
ataxia, CSF elevated 
protein, diabetes mellitus, 
sensorineural hearing loss, 
myopathy

<20 years mtDNA single 
deletions

Leber hereditary optic 
neuropathy (LHON)

Subacute painless bilateral 
visual failure
Males:females approx. 4:1
Dystonia
Cardiac pre-excitation 
syndromes

Median age 
of onset 
24 years

mtDNA point 
mutations 
(m.11778G>A, 
m.14484T>C, 
m.3460A>G)

Mitochondrial 
encephalopathy, lactic 
acidosis, stroke like 
episodes (MELAS)

Stroke-like episodes with 
encephalopathy, migraine, 
seizures. Variable presence 
of myopathy, 
cardiomyopathy, deafness, 
endocrinopathy, ataxia. A 
minority of patients have 
PEO

Typically 
<40 years of 
age but 
childhood 
more 
common

mtDNA point 
mutations 
(m.3243A>G in 
80%, m.3256C>T, 
m.3271T>C, 
m.4332G>A, 
m.13513G>A, 
m.13514A>G)

Mitochondrial 
neurogastrointestinal 
encephalopathy 
(MNGIE)

PEO, ptosis, GI 
dysmotility, proximal 
myopathy, axonal 
polyneuropathy, 
leukodystrophy

Childhood to 
early 
adulthood

nDNA mutations in 
TYMP; MNGIE-like 
syndromes may 
occur due to nDNA 
gene mutations with 
PEO

Myoclonus, epilepsy, 
and ragged-red fibres 
(MERRF)

Stimulus sensitive 
myoclonus, generalized 
seizures, ataxia, 
cardiomyopathy. A 
minority of patients have 
PEO

Teenage or 
early adult 
life

mtDNA point 
mutations 
(m.8344A>G most 
common; 
m.8356T>C, 
m.12147G>A)
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Table 8.1 (continued)

Clinical syndrome Clinical features Age of onset Genetic basis
Neurogenic weakness 
with ataxia and retinitis 
pigmentosa (NARP)

Ataxia, pigmentary 
retinopathy, weakness

Childhood or 
early adult 
life

MTATP6 mutation 
(usually at m.8993)

POLG-related Ataxia 
neuropathy syndromes 
(ANS): Including 
MIRAS, SCAE, 
SANDO, MEMSA

SANDO: PEO, dysarthria, 
sensory neuropathy, 
cerebellar ataxia
Other ANS: Sensory 
axonal neuropathy with 
variable degrees of sensory 
and cerebellar ataxia. 
Epilepsy, dysarthria, or 
myopathy are present in 
some

Teenage or 
adult life

nDNA mutations 
(POLG, C10orf2, 
OPA1)

Senger syndrome Hypotonia, myopathy, 
congenital
Cataract, cardiomyopathy

Neonatal or 
infancy

Recessibe mutations 
AGK

MIRAS mitochondrial recessive ataxia syndrome, SCAE spinocerebellar ataxia with epilepsy, 
SANDO sensory ataxia with dysphagia and ophthalmoplegia, MEMSA myoclonic epilepsy myopa-
thy sensory ataxia

Oligosymptomatic
presentation

[Generally to discrete
medical or surgical

specialties]

Referral with a
constellation of

symptoms consistent
with a presumed

mitochondrial disorder
[Generally to tertiary

referral clinic]

Atypical multi-system
phenotype, and

mitochondrial disease to
be considered

[Generally to tertiary
referral clinic]

Defining the phenotype: history, examination, non-molecular investigations

‘Classic syndrome’Remains oligosymptomatic

No Yes

Positive:
Diagnosis

Non-invasive test
available?

Muscle biopsy for histochemistry +/– respiratory chain complex

Atypical syndrome/possible
mitochondrial disorder

Real-time PCR
(for mtDNA
depletion)

Long-range PCR
(for mtDNA
deletions)

PCR-RFLP
(for common
mtDNA point
mutations)

Whole mtDNA
sequencing
(for novel
mutations)

Nuclear DNA sequencing
(Sanger or NGS) for

known or novel nuclear
DNA mutations

Fig. 8.3 Clinical approach to the investigation of suspected mitochondrial disorders
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subacute encephalopathy, or evidence of seizure activity. Cerebral imaging may be 
abnormal, showing lesions of the basal ganglia, high signal in the cortex of deep 
white matter, or focal stroke-like lesions which cross vascular territories.

8.3.2  Specific Investigations for Mitochondrial Disease

In some patients, a defined clinical syndrome may indicate a specific molecular 
genetic blood test leading to the diagnosis (e.g. LHON, or POLG diseases). In oth-
ers, a systematic approach is needed, guided by the clinical evaluation. The primary 
aim is to identify evidence of mitochondrial dysfunction in a clinically affected tis-
sue. In adults this usually involves a skeletal muscle biopsy. In children the biopsy 
may be taken from another affected organ (e.g. the liver), or investigations carried 
out on skin fibroblasts. The muscle biopsy is initially analysed histochemically, 
revealing subsarcolemmal accumulation of mitochondria (so-called ‘ragged red’ 
fibres), or cytochrome c oxidase deficiency. A mosaic of cytochrome c oxidase- 
positive and cytochrome c oxidase-negative muscle fibres suggests an underlying 
primary mtDNA defect or a secondary defect of mtDNA as seen in patients with 
mutations in the nuclear gene POLG or OPA1. Patients who have cytochrome c 
oxidase deficiency due to a nuclear genetic defect usually have a global deficiency 
of this enzyme affecting all muscle fibres. Electron microscopy may identify parac-
rystalline inclusions in the inter-membrane space, but these are non-specific and 
may be seen in other non mitochondrial disorders. Respiratory chain complex 
assays can be carried out on various tissues. Measurement of the individual respira-
tory chain complexes determines whether an individual has multiple complex 
defects that would suggest an underlying mtDNA defect, involving either a tRNA 
gene or a large deletion, or a nuclear genetic defect affecting protein translation 
within mitochondria. Isolated complex defects may be due to point mutations in 
either mitochondrial or nuclear genes. Co-enzyme Q10 can be measured directly in 
affected tissues.

8.3.3  Molecular Genetic Investigations

The molecular genetic investigation of mitochondrial disease involves: (a) the tar-
geted analysis of candidate genes for specific mutations based on the clinical pre-
sentation; (b) the systematic evaluation of mtDNA or specific nuclear genes guided 
by the laboratory investigations; and (c) larges-scale screening of nuclear candidate 
genes using multi-gene panels, exome sequencing, or whole genome sequencing. 
For some mtDNA defects (particularly mtDNA deletions and depletion) the abnor-
mality is not detectable in a DNA sample extracted from blood, and the analysis of 
DNA extracted from muscle is essential to establish the diagnosis. Urinary epithe-
lium can also be used in some circumstances as a surrogate due to its predilection to 
accumulate a greater degree of mtDNA mutations than blood. Many patients with 
mitochondrial disease have a previously unrecognized mtDNA defect and it is nec-
essary to sequence directly the mitochondrial genome. If a novel base change is 
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heteroplasmic, this suggests that it is of relatively recent onset. Family, tissue segre-
gation, and single cell studies may show that higher levels of the mutation are asso-
ciated with mitochondrial dysfunction and disease, which strongly suggests that the 
mutation is causing the disease. Nuclear genetic mitochondrial disorders are highly 
heterogeneous. Although there are some common candidates (eg POLG, SPG7, 
OPA1), novel mutations and novel disease genes are still being identified. This is 
particularly the case in children with autosomal recessive mitochondrial disease. 
Trio sequencing is a valuable strategy because de novo dominant mutations are now 
well recognised (eg ANT1).

8.4  Clinical Management of Mitochondrial Diseases

There is currently no definitive treatment for patients with mitochondrial disease, 
and clinical management focuses on minimizing disability, preventing complica-
tions, and genetic counseling. Supportive care is best provided by the integrated 
multidisciplinary team involving the primary physician, other specialist physicians 
(ophthalmology, diabetes specialists, cardiology), specialist nurses, physiothera-
pists, and speech therapists. The primary aim is the early detection of treatable 
complications, with a strong emphasis on cardiac surveillance for the reasons out-
lined below.

Using current investigations, a genetic diagnosis is possible in the majority of 
patients, enabling reliable genetic counseling. Nuclear genetic disorders can be 
autosomal dominant, autosomal recessive, or X-linked; and de novo dominant dis-
orders are now well recognized. For patients with mtDNA mutations, males cannot 
transmit pathogenic mtDNA defects, and mtDNA deletions are rarely transmitted. 
Women harboring heteroplasmic pathogenic mtDNA point mutations may transmit 
the genetic defect to their offspring. The mitochondrial genetic ‘bottleneck’ leads to 
a variation in the proportion of mutated mtDNA that is transmitted to any offspring, 
meaning that a female to have mildly affected as well as severely affected children. 
The risk of having affected offspring varies from mutation to mutation, and although 
there does appear to be a relationship between the level of mutated mtDNA in the 
mother and the risk of affected offspring. Mitochondrial donation offers the hope of 
prevention for some women at risk of transmitting mtDNA mutations.

With the exception of idebenone, which has been approved for licensing by the 
European Medicines Agency for LHON [5], there are no established treatments for 
mitochondrial disorders [6]. Anecdotal reports describe benefits from ubiquinone 
(coenzyme Q10) in patients with disorders of coenzyme Q10 biogenesis, and some 
patients have a riboflavin-responsive disorder. Several clinical trials are currently 
evaluating the effects of novel treatment approaches in patients with mitochondrial 
disease. Stem cell transplantation is effective in patients with very rare autosomal 
recessive enzyme defects (MNGIE, caused my mutations in TP) [7]. Dichloracetate 
can be used to reduce lactic acid levels but may cause an irreversible toxic neuropa-
thy and is therefore not used in adults. Aerobic exercise is important for patients 
with mtDNA disease, and isometric muscle contraction may lead to an improve-
ment in muscle strength.
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8.5  Cardiac Features of Mitochondrial Disease

8.5.1  Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy is present in ~40% of patients with mitochondrial dis-
orders [8, 9], usually as part of a multisystem disorder. Occasionally the cardiac 
hypertrophy can be the presenting feature, particularly in mildly affected relatives 
with mtDNA mutations detected through cardiac surveillance (e.g. m.3243A<G). 
Many patients remain asymptomatic from the cardiac perspective, but some develop 
severe left ventricular dysfunction or present with sudden cardiac death. The clinical 
features include exercise intolerance and dyspnea [8]. However, given the co- existence 
of cognitive and physical impairment due to neuromuscular disease, or breathlessness 
linked to exercise due to lactic acidosis, in many patients the cardiac features can be 
overlooked.

In a small number of families, an isolated cardiomyopathy resulting from a homo-
plasmic mutation (m.4300A>G) in mt-tRNAIIe (MTTI) has been described [10]. 
However, these isolated cardiac syndromes are rare, and mtDNA mutations causing 
cardiac hypertrophy are usually heteroplasmic, including m.3243A>G, first described 
in Mitochondrial Encephalomyopathy with Lactic Acidosis (MELAS), and 
m.8344A>G first described in Myoclonic Epilepsy with Ragged Red Fibres 
(MERRF). Although robust epidemiological data is lacking, it does appear that muta-
tions in non mt-tRNA genes (eg mt-rRNAs and protein coding genes) are signifi-
cantly less likely to result in cardiac involvement. Cardiac MRI (CMR) in patients 
with the m.3243A>G mtDNA mutation shows a specific pattern including concentric 
hypertrophy and patchy intramural late-gadolinium-enhancement (LGE) in the myo-
cardium (Fig. 8.4 and MR video) [9], differing to that seen in patients with Chronic 
Progressive External Ophthalmoplegia (CPEO). For patients with the m.3243A>G 
mutation a positive correlation between skeletal muscle heteroplasmy levels and left 
ventricular mass [11] was noted, and over a 7 year follow up period there was an 

Fig. 8.4 Cardiac imaging 
showing concentric 
hypertrophy in a 
m.3243A>G mutation 
carrier (and linked MR 
video, both adapted from 
Ref. [37])
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inverse correlation between the degree of LVH and systolic function [12]. Taken 
together, these data suggest that the burden of heteroplasmy is likely to be the main 
determinant of the severity of cardiac sequelae following diagnosis in m.3243A>G. 
Left-ventricular outflow obstruction (LVOTO) seems to be a rare complication of 
mitochondrial HCM, in contrast to non-mitochondrial cardiomyopathies [12].

Approximately 60% of patients with KSS or CPEO develop left ventricular hyper-
trophy (LVH), with intramural late-gadolinium-enhancement (LGE) in the basal and 
LV inferolateral wall and evidence of concentric remodelling on cardiac MR, which 
is distinct from the cardiac manifestations seen in m.3243A>G carriers [9].

8.5.2  Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is characterized by an enlarged and weakened left 
ventricle, and is an uncommon features of mitochondrial diseases [13]. Where pres-
ent, DCM appears to develop as a secondary consequence of pre-existing hypertro-
phic cardiomyopathy. However, the observation of DCM at diagnosis in some 
patients with high levels of cardiac heteroplasmy (90–95% mutant load) [14] sug-
gests that particularly high heteroplasmy levels may favor the development of a 
DCM rather than LVH.

8.5.3  Left Ventricular Non-Compaction

Left ventricular non-compaction (LVNC) has been associated with mitochondrial 
disorders in three contexts three observations: Barth syndrome (see below), a small 
number of cases of Leber hereditary optic neuropathy (LHON, m. 3460A>G), and 
the heteroplasmic m.3243A>G mtDNA mutation. Further evidence of a link with 
mitochondrial dysfunction comes from the observation of decreased mtDNA copy 
number and low-level rare (presumed somatic) heteroplasmic mtDNA point muta-
tions in cardiac muscle from patients with idiopathic forms of LVNC [15].

8.5.4  Electropathies

8.5.4.1  Bradyarrhythmias
The majority of bradyarrhythmias in mitochondrial disorders stem from disruption 
of the cardiac conduction system, with varying forms of atrio-ventricular block 
observed, although a small number of patients have been described with a bradyar-
rythmia secondary to cardiovascular autonomic impairment [16]. Cardiac conduc-
tion defects are common in patients with Kearns-Sayre syndrome (KSS) due to a 
single large-scale deletion, affecting up to 90% of patients with PR-interval prolon-
gation, 2nd or 3rd degree AV block, His-Ventricular interval prolongation (due to 
distal disease) and Stokes Adams attacks [17]. KSS falls at one end of a spectrum of 
mitochondrial disease caused by single large-scale deletions of mtDNA, with iso-
lated Chronic Progressive Ophthalmoplegia (CPEO) at the other extreme. Patients 
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with CPEO are therefore at risk of developing cardiac conduction defects, and should 
also undergo regular ECG monitoring. MtDNA point mutations and nuclear- genetic 
mitochondrial disorders are a less frequent cause of bradyarrhythmias. When they 
occur, this is usually in association with LVH [18].

8.5.4.2  Tacchyarrythmias
Wolff–Parkinson–White (WPW) syndrome is the most common form of tachyar-
rhythmia observed in mitochondrial disorders, seen in around ~15% of patients 
with the m.8344A>G mutation in one series [19], and a similar proportion with 
the m.3243A>G mutation [1]. The WPW syndrome usually develops before 
40 years of age, and may precede the development of symptoms in other organ 
systems by over a decade [20], and does not appear to correlate with skeletal 
muscle heteroplasmy. Patients with Leber’s hereditary optic neuropathy (LHON) 
have also been described to have an increased risk of WPW [21], although several 
small case series have failed to observe this association [22]. Finally, a small num-
ber of cases of ventricular pre-excitation syndromes, such as ventricular tachycar-
dia (VT), have been observed in patients with both mtDNA deletions and mtDNA 
point mutations.

8.6  Cardiac Manifestations in Common Mitochondrial 
Syndromes

8.6.1  Kearns-Sayre Syndrome (KSS)

The Kearns-Sayre Syndrome (KSS) is characterized by: (1) symptom onset before 
20 years, (2) a pigmentary retinopathy, and (3) an ophthalmoplegia; often in asso-
ciation with cerebellar ataxia, deafness, dementia, a raised CSF protein and a car-
diac conduction defect. The cardiac conduction defects range from PR prolongation 
through to 2nd and 3rd degree block, His-Ventricular block, DCM, or Stoke-Adams 
attacks (Fig. 8.5). The progression to 3rd degree heart block (complete heart block) 
can be rapid and explain why sudden death occurs in ~10% of patients with KSS 
[23]. Regular (12 monthly) ECG monitoring is mandatory, and there should be a 
low threshold for pacemaker implantation. However, this may precipitate Torsade 
de points [24], so a preventative implantable cardiac defibrillator (ICD) placement 
has been proposed by some centers.

8.6.2  m.3243A>G

The m.3243 mtDNA mutation was first described in mitochondrial encephalopmy-
opathy with lactic acidosis and stroke-like episodes (MELAS). The ‘full blown’ 
syndrome is a multisystem disorder which also includes seizures, (dementia, and a 
proximal myopathy, but most patients with m.3243A>G do not have such an 
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extensive phenotype, and many have isolated diabetes and deafness. Cardiac fea-
tures are extremely common in m.3243A>G carriers, with approximately 50% of 
patients developing a cardiac abnormality (Fig. 8.4 and MR video). The most com-
mon cardiac complication is a hypertrophic cardiomyopathy without left ventricular 
outflow obstruction (LVOTO), which may later develop into a dilated cardiomyopa-
thy. It appears that both the risk and severity of the cardiomyopathy is related to the 
level of the m.3243A>G mutation in the myocardium. WPW has been described in 
~15% of patients, without clear association to underlying myocardial heteroplasmy 
level.

8.6.3  m.8344A>G

The m.8344A>G mutation was first described in patients with myoclonus, epilepsy 
and ragged red fibres observed in a skeletal muscle biopsy (MERRF). The cardiac 
features are similar to those observed in m.3243A>G carriers, and present in ~40% 
of patients. These include a cardiomyopathy and WPW in roughly equal propor-
tions, with other cardiac abnormalities such as incomplete left bundle branch block 
also described [19]. The level of heteroplasmy required to cause a cardiomyopathy 
may be relatively low, so it is important for clinicians to remain vigilant in known 
cases and their potentially affected maternal relatives [25].

BP:
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aVF V3 V6

Fig. 8.5 12-lead electrocardiogram in the Kearns-Sayre syndrome caused by a single large het-
eroplasmic mtDNA deletion (adapted from J Med Genet 1999)

8 Mitochondrial Cardiovascular Diseases



252

8.6.4  m.8993T>G/C

The m.8993A>G/C mutation was first described in patients with neuropathy, ataxia 
and retinitis pigmentosa (NARP), although the same two mtDNA mutations 
(m.8993T>G and m.8993T>C) also cause Leigh syndrome. Given the rarity of the 
disorder, accurate quantification of the prevalence and phenotype of cardiac symp-
toms is difficult to determine. However, cardiac failure remains a common cause of 
death in infants with Leigh syndrome [26] but is rare in patients with NARP [27].

8.6.5  LHON

Leber’s Hereditary Optic Neuropathy (LHON) is a common mitochondrial disorder 
caused by homoplasmic point mutations that usually causes isolated dysfunction of the 
retinal ganglion cells (Table 8.1). The vast majority of patients only develop a sub-acute 
irreversible optic neuropathy, but ‘LHON plus’ syndromes (LHON with additional 
non-ophthalmological symptoms) have been described, including cardiac manifesta-
tions such as myocardial hypertrophy, unexplained left ventricular dilatation [28], or 
ventricular pre-excitation disorders [21]. Notably however, these studies are from geo-
graphically isolated regions or single large extended pedigrees, raising the possibility 
that environmental or nuclear genetic modifiers may contribute to these findings [22].

8.6.6  Barth Syndrome

Barth syndrome is a rare multisystem mitochondrial disorder characterized by a 
dilated cardiomyopathy, skeletal myopathy, neutropenia and short stature due to 
mutations in TAZ gene on the X-chromosome. The disorder exclusively affects in 
males with a frequency of ~1  in 400,000 [29], and presents at birth or in early 
infancy with hypotonia and growth delay. Around 70% of affected individuals also 
develop a cardiomyopathy within the first year of life, most commonly within the 
first six months [30]. The most common form of cardiomyopathy is a dilated cardio-
myopathy which is often accompanied by endocardial fibroelastosis (EFE) [31], 
and 50% have prominent left ventricular trabeculations in-keeping with Left 
Ventricular Non-Compaction (LVNC). Hypertrophic cardiomyopathy appears to be 
rare in patients Barth syndrome. Barth Syndrome accounts for ~5% of all forms of 
cardiomyopathy diagnosed in male infants, and can be diagnosed by measuring the 
MLCL:L4-CL ratio on dried bloodspot cards [32].

The clinical management of Barth syndrome involves standard medical therapy for 
heart failure, though there are no systematic studies of any particular treatment regime. 
Around 50% of boys will normalize their ejection fraction and left diastolic volumes 
with treatment [33]. Long-term surveillance for cardiac arrhythmias should also be 
undertaken, with a low threshold for Implantable Cardiac Defibrillators (ICDs) where 
symptomatology or electrophysiological investigations suggest a possible ventricular 
arrhythmia. Around 1 in 7 children with Barth Syndrome will require a cardiac trans-
plantation, generally with good results [34], though a considered approach to immu-
nosuppression must be undertaken given the co-existent neutropenia.
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8.6.7  Sengers Syndrome

Sengers Syndrome is a rare autosomal recessive multisystem mitochondrial disorder 
characterized by congenital cataracts, a hypertrophic cardiomyopathy, mitochondrial 
myopathy and an exertional lactic acidosis, and occurs due to mutations in the mito-
chondrial acylglycerol kinase gene AGK [35]. The disorder can manifest either as a 
severe neonatal form caused by homozygous nonsense mutations in AGK, which is 
invariably fatal due to a dilated cardiomyopathy; or with a more benign clinical 
course due to at least one mutation in a splice-site or start codon of AGK [36]. The 
cardiac phenotype of individuals with the milder phenotype is typically involves a 
hypertrophic cardiomyopathy rather than a dilated cardiomyopathy.

8.7  Cardiac Investigations in Mitochondrial Diseases

All patients with any form of suspected or confirmed mitochondrial disease should 
have cardiac screening as part of their diagnostic evaluation, and annually through-
out follow-up (Fig. 8.5).

8.7.1  Initial Screening

Where a mitochondrial disease is confirmed or suspected, affected individuals and 
potential carriers should undergo a standard 12-lead electrocardiogram (ECG) and 2D–
echocardiography (ECHO) to enable a baseline functional and structural cardiac assess-
ment (Fig. 8.6). Where there is a phenotype with high risk of cardiac conduction defect 
(such as KSS), or in cases where WPW is possible (eg m.3243A>G and m.8344A>G), 
careful assessment of the ECG should be undertaken as emerging abnormalities may be 
subtle. Furthermore, given that ECHO is highly operator dependent, we would advise 
that it be undertaken in tertiary centers familiar with atypical cardiomyopathies.

8.7.2  Advanced Imaging Techniques

Cardiac MR and magnetic resonance spectroscopy (MRS) have largely been used in 
a research context, although clinical experience is growing. Established findings 
include: concentric LV hypertrophy; cardiac remodeling (increased torsion and lon-
gitudinal fibre shortening) [37] and impaired tissue bio-energetics (reduced PCr/
ATP ratio) [38]. Abnormalities of myocardial function are also emerging in asymp-
tomatic individuals with normal 12-lead ECG and ECHO who carry the m.3243A>G 
mutation [39]. Cardiac MR offers an increased ability to detect structural abnor-
malities that may be missed with echocardiography (such as left ventricular non- 
compaction), and bio-energetic abnormalities of the myocardium that may act as 
diagnostic markers of mitochondrial disorders. More frequently at present, CMR is 
used to further define abnormalities identified using echocardiography. The 
improved sensitivity of CMR permits identification of characteristic cardiomyopa-
thy patterns indicative of alternative genetic causes [40].

8 Mitochondrial Cardiovascular Diseases



254

Initial assessment (12-lead ECG,
echocardiography +/- CMR)

OR

OR

Normal

Normal

No

Cardiology referral

Medical therapy with a
combination of β-blockers,
calcium antagonists, ACE

inhibitors, ARBs.

Referral for consideration of PPM
implantation in any patient with clinical or

electrophysiological evidence of a
conduction defect

Referral for consideration of ablation
therapy

Cardiac resynchronization
therapy of transplanation

may be considered in severe
cases

Hypertrophic cardiomyopathy
or DCM

AV conduction system disease or
ventricular pre-excitation

Follow-up with cardiologists until happy for discharge
back to primary clinical team

Screen every 3–5 years

No

No

Normal screening for >5
yearsYes

Yes

Yes

Annual screening with 12-lead ECG,
echocardiography

Any carrier of a known pathogenic variant in nuclear or mtDNA

Clinical phenotype and biochemical findings supportive of a
mitochondrial disorder with or without a pathogenic variant in

nuclear or mtDNA

Fig. 8.6 Cardiac investigations and surveillance in patients with mitochondrial disorders. Blue 
boxes represent screening or clinical sessions. Yellow boxes indicate key moments of clinical deci-
sion making. Key. CMR cardiac MRI, DCM Dilated cardiomyopathy, AV atrioventricular, PPM 
permanent pacemaker, ACE angiotensin converting enzyme, ARB angiotensin receptor blocker

8.7.3  Cardiac Biopsy

Cardiac biopsy is another potentially valuable investigation for select patients., 
However as the risk of serious complication from cardiac biopsy is around 1%, this 
must be balanced against likely diagnostic yield. Therefore, as the molecular 
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etiology in most patients with a phenotype suggestive of a mitochondrial disease 
will arise from (a) a pathogenic homoplasmic point mutation that is detectable in 
blood; (b) a nuclear DNA mutation that is detectable in blood; or (c) a heteroplasmic 
point mutation that is detectable in urine, skeletal muscle or blood, alternative less 
invasive investigative strategies are usually more appropriate.

In contrast, a cardiac biopsy may be useful in cases of isolated undiagnosed car-
diomyopathies in which a mitochondrial diagnosis had not previously been consid-
ered. In these cases a combination of mitochondrial proliferation and evidence of 
impaired cytochrome c oxidase (COX) or succinate dehydrogenase (SDH) activity 
may be observed and prompt further investigation for a mitochondrial aetiology. In 
our experience however, this type of presentation is rare.

8.7.4  Cardiac Surveillance

Assuming that the initial screening investigations are normal in a patient, how often 
should they continue to undergo cardiac surveillance? Whilst there are no specific 
guidelines, we advocate an approach similar to that suggested by Bates et al. [2] 
with annual follow-up for at least 5 years, extending to every 3–5 years where inves-
tigations (ECG & ECHO) are normal. When an abnormality is detected - either at 
baseline or during follow-up—the patient should be referred to a cardiologist with 
a sub-specialty interest in mitochondrial disease for consideration of further inves-
tigation, pharmacological therapy, or intervention as indicated (Fig. 8.6).

8.8  Treatment of Mitochondrial Cardiac Disease

8.8.1  Cardiomyopathies

Treatment paradigms for mitochondrial cardiomyopathies typically follow those 
employed for other causes of HCM without LVOTO [2, 41], including a combination 
of diuretics, B-blockers, angiotensin-converting (ACE) inhibitors, and angiotensin 
receptor blockers (ARB) for patients with a low ejection fraction (<50%). It should be 
stressed that there is limited follow-up data available from patients with mitochondrial 
disorders, so the long-term benefits of these treatments have yet to be established. Given 
the lack of specific evidence, implantable cardioverter defibrillator (ICD) devices and 
cardiac resynchronization therapy should be used in line with standard guidelines [41].

8.8.2  Electrophysiological Management of Arrhythmias 
and Conduction Defects

There is some controversy over the management of arrhythmias and conduction 
defects arising in patients with mitochondrial disease. It has been suggested that 
permanent pacemaker (PPM) placement be undertaken in patients with mitochon-
drial disorders as soon as any evidence of atrioventricular block is observed (even 
first degree heart block) [2]—especially in disorders such as KSS/CPEO where 
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progressive AV nodal disease is common and can progress rapidly. However, others 
suggest that conventional pacing/ICD implantation guidelines be followed [42]. The 
treatment of supra-ventricular tachyarrythmias mirrors standard practice and incor-
porates both pharmacological and, where required, electrophysiological approaches.

8.8.3  Transplantation

Cardiac transplantation is predominantly reserved for young patients with end-stage 
cardiomyopathy and little of no evidence of non-cardiac involvement of their mito-
chondrial disease. However, in many patients is not easy to give a confident long- 
term view on the risk of developing progressive neurological features, and there is a 
lack of long-term follow up data.

8.9  Summary and Future Developments

Disorders of mitochondrial dysfunction may result from either due to mutations 
in nuclear genes or mitochondrial DNA. In addition to many energy dependent 
organs and systems, these often present with cardiac phenotypes, either in isola-
tion or within the context of a multi-system mitochondrial encephalomyopathy. 
Hypertrophic cardiomyopathy and conduction defects are common, but other car-
diac manifestations have been described. A systematic approach to the biochemi-
cal and/or genetic evaluation of these patients will usually identify the underlying 
cause, enabling genetic counseling and supportive management of both the cardiac 
and extra-cardiac features.

In most cases, there is no specific treatment for mitochondrial dysfunction. 
Traditionally, mitochondrial disease has been treated with so-called “mitochondrial 
cocktails,” containing different vitamins, co-factors, and nutritional supplements, 
but these usually lack a major therapeutic impact. A number of new therapeutic 
approaches for mitochondrial disorders are under development.

One major development is heteroplasmy shifting, where the focus is to reduce the 
ratio of mutant to healthy mitochondria inside cells by selectively inhibiting the mul-
tiplication of mutated mitochondria. Another approach focuses on restoring or bypass-
ing enzymes that are defective in mitochondrial disease; for example, coenzyme Q10 
and riboflavin supplements to treat mitochondrial disease caused by defect in the bio-
synthesis of coenzyme Q10 and riboflavin transporter disorders, respectively.

Stem cell therapy and gene therapy techniques are being investigated, but these 
are still in early pre-clinical stage development. Several clinical trials are underway 
for assessing efficacy of new drugs for restoring the mitochondrial dysfunction 
using a number of complex molecular systems.

Probably the most dramatic therapeutic approach in the field of mitochondrial 
disease has been mitochondrial donation IVF, so called ‘three parents offspring’. 
Although it cannot treat people with mitochondrial disease, it can offer women with 
the disease the option of having children who will not be affected by it. This tech-
nique is performed using a donor egg cell, containing healthy mitochondria. The 
egg nucleus is removed and replaced with that of the mother, who has mitochondrial 
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disease and the egg is then fertilized with the father’s sperm. This technique was 
unanimously approved by the UK Parliament and is fast emerging as a major treat-
ment approach for mitochondrial disease. However, it is not applicable to mitochon-
drial disease caused by nuclear DNA mutation.
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9Inherited Cardiac Muscle Disorders: 
Hypertrophic and Restrictive 
Cardiomyopathies

Mohammed Majid Akhtar, Juan Pablo Kaski, 
and Perry Elliott

Abstract
Inherited cardiomyopathies as a collective group, are relatively common cardiac 
disorders. Individuals can present with symptoms of chest pain, dyspnoea, palpi-
tations, syncope and with progressive heart failure or sudden cardiac death. 
Genetic mutations are the commonest cause of these disorders; having implica-
tions for both the affected proband and their extended family. Early identification 
of the disease process can allow institution of treatment with pharmacological 
and non-pharmacological therapy to ameliorate symptoms, retard disease pro-
gression and in some cases prolong life by changing the natural course of the 
disease. An appreciation of the underlying genetics is essential to understand the 
molecular basis of disease as well as to help identify other individuals at risk of 
developing the disease phenotype. The following chapter provides insight into 
the genetic aetiology underlying these diverse disease processes and the clinical 
management of these inherited cardiomyopathies.
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9.1  Introduction

Cardiomyopathies are defined as myocardial disorders in which the heart is struc-
turally and functionally abnormal, in the absence of coronary artery disease, valvu-
lar heart disease, hypertension or congenital heart disease sufficient to cause the 
observed myocardial abnormality [1]. Cardiomyopathies are classified into four 
main subtypes based on ventricular morphology and physiology: hypertrophic car-
diomyopathy (HCM); dilated cardiomyopathy (DCM, Chap. 10); restrictive car-
diomyopathy (RCM); and arrhythmogenic right ventricular cardiomyopathy 
(ARVC, Chap. 11). Cases that do not readily fit into these subtypes are termed 
“unclassified cardiomyopathies”, and include left ventricular non-compaction (see 
Chap. 12), endocardial fibroelastosis and Takotsubo cardiomyopathy. Each sub-
type of cardiomyopathy is subdivided into familial (genetic) and non-familial 
(acquired) forms [1].

9.2  Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is defined as left ventricular hypertrophy in 
the absence of abnormal loading conditions (valve disease, hypertension, congenital 
heart defects) sufficient to explain the degree of hypertrophy [1]. Studies in North 
America, Europe, Japan and China consistently report a prevalence of unexplained 
left ventricular (LV) hypertrophy of approximately 1 in 500 adults [2–7]. The preva-
lence of HCM in children is unknown, but population-based studies have reported 
an annual incidence of 0.3–0.5 per 100,000 [8, 9].

9.2.1  Etiology

In most adolescents and adults, HCM is inherited as an autosomal dominant trait 
caused by mutations in cardiac sarcomere protein genes [10–12]. In less than 10% 
of infants and children, and in an even smaller proportion of adults, HCM can be 
associated with inborn errors of metabolism, neuromuscular disorders and malfor-
mation syndromes [1, 13–17]. Patients with cardiomyopathy associated with meta-
bolic disorders or malformation syndromes are often diagnosed earlier in life 
(infancy or early childhood), whereas those with neuromuscular diseases tend to be 
diagnosed as teenagers [15]. Children with HCM associated with an inborn error of 
metabolism or malformation syndrome have a significantly worse survival than 
patients with HCM associated with sarcomeric mutations [18].
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9.2.2  Cardiac Pathology in HCM

The most common pattern of myocardial hypertrophy in sarcomeric HCM is asym-
metric septal hypertrophy [19, 20]. However, other patterns also occur, including 
concentric, mid-ventricular (sometimes associated with a left ventricular apical 
aneurysm [21]) and apical patterns of hypertrophy [22–25]. Coexistent right ven-
tricular hypertrophy is common but rarely, if ever, occurs in isolation [19]. The 
papillary muscles are often displaced anteriorly and may have abnormal insertion 
into the mitral valve which predisposes to systolic anterior motion of the mitral 
valve and outflow tract obstruction [26]. The mitral valve itself is often structurally 
abnormal with an elongated anterior mitral valve leaflet allowing sufficient mobility 
for systolic anterior motion [27]. Myocardial bridging of the left anterior descend-
ing coronary artery has been observed in adults and children with HCM [28, 29].

Histologically, familial HCM is characterised by a triad of myocyte hypertrophy, 
myocyte disarray (architectural disorganisation of the myocardium, with adjacent 
myocytes aligned obliquely or perpendicular to each other in association with 
increased interstitial collagen) and interstitial fibrosis [19, 20] (Fig. 9.1). Although 
myocyte disarray occurs in many pathologies, the presence of extensive disarray 
(more than 10% of the ventricular myocardium) is generally thought to be a highly 

Fig. 9.1 High power hematoxylin and eosin sections of ventricular myocardium showing the typi-
cal swirling and splayed pattern of myocytes in myocyte disarray. The enlarged and hyperchro-
matic nuclei indicate myocyte hypertrophy. There is an increase in interstitital fibrous tissue. 
Courtesy of Dr Michael Ashworth, Great Ormond Street Hospital, London, UK
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specific marker for HCM [19, 20]. Small intramural coronary arteries are often dys-
plastic and narrowed due to wall thickening by smooth muscle cell medial wall 
hyperplasia and are one of the potential mechanisms of chest pain in the presence of 
unobstructed epicardial coronary arteries [30].

Patients with HCM often have concomitant diastolic dysfunction which affects 
both the passive and active phase of diastole. The chamber hypertrophy and conse-
quent stiffness result in impaired passive filling of the ventricles and raised filling 
pressures which can also impair coronary blood flow. Interstitial fibrosis, often found 
in the areas of maximal hypertrophy, contributes to diastolic LV impairment.

9.2.3  Sarcomere Protein Disease

The cardiac sarcomere consists of thin and thick filaments and associated proteins. 
Each myosin thick filament molecule consists of two myosin heavy chains, two 
essential myosin light chains and two regulatory myosin light chain complexes. 
There is one myosin-binding protein C (MYBPC3) molecule for every ten myosin 
molecules. Actin forms the thin filament and has binding sites involved in actin- 
myosin crossbridge formation. The troponin complex (formed of troponin C, tropo-
nin I and troponin T) and tropomyosin have important regulatory roles in exposing 
actin binding sites [31].

Titin, the largest sarcomeric protein, spans half the cardiac sarcomere and is 
bound to myosin along its length on the thick filament from the Z-disk to the M-line. 
It also interacts with actin along the I band and has important structural (sarcomere 
assembly), mechanotransduction (passive stiffness and tension) and cell signalling 
roles (via titin-kinase domains) [32].

Recently, mutations in genes encoding z-disc proteins have also been shown to 
cause HCM in a small proportion of patients who do not carry more common sarco-
meric mutations. The genes implicated include myozenin (MYOZ2), telethonin 
(TCAP), alpha-actinin-2 (ACTN2), muscle LIM protein (CRP3) and nexilin (NEXN) 
[33–37]. Some mutations in Z-disc proteins have a pleotropic effect, causing a 
HCM phenotype in certain individuals and a DCM phenotype in others within the 
same family [38].

The presence of a sarcomeric mutation in HCM patients is associated with a 
younger age of disease onset; higher likelihood of familial disease; higher incidence 
of familial sudden cardiac death; more significant left ventricular hypertrophy and a 
higher incidence of cardiovascular mortality than in HCM patients who are sarco-
mere mutation negative [39–42]. Although most patients with pathogenic mutations 
are heterozygotes, in as many as 5% of cases, patients have more than one patho-
genic mutation in the same gene or in a different sarcomeric gene, a phenomenon 
associated with a more severe phenotype and worse outcomes [11].

Mutations in ßMYH7 and MYBPC3 account for 60–70% of HCM patients identi-
fied to possess a pathogenic mutation [32, 43]. Pathogenic mutations in MYH7 are 
predominantly missense, with single nucleotide-base substitution resulting in a non- 
synonymous single amino acid substitution. The majority of mutations in MYBPC3 
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however, are nonsense mutations due to insertion/deletions, splice-site variants or 
premature stop codons resulting in a truncated protein transcript [32, 44].

There is considerable genetic heterogeneity in HCM, with thousands of different 
mutations identified to date; many are unique or private within families. Some 
mutations also show marked variation in disease penetrance and clinical expression 
[45, 46]. Given the large size of individual cardiac sarcomere genes, and the random 
nature of mutational events, it is logical that sarcomeric genes are prone to de-novo 
mutational events [47].

9.2.4  Cellular Mechanisms and Pathways

The mechanisms by which mutations in sarcomeric protein genes result in the char-
acteristic pathophysiological features of hypertrophic cardiomyopathy are incom-
pletely understood.

The majority of missense mutations, such as those in MYH7, are believed to have 
a dominant negative effect, acting as a “poison polypeptide” on sarcomere function, 
i.e. the mutant protein is incorporated into the sarcomere, but its interaction with the 
normal wild-type protein disrupts normal sarcomeric assembly and function. These 
mutations may involve a change in an amino acid in a highly-conserved residue, 
changes in an important kinase domain (affecting ligand interaction) or in a surface- 
exposed portion of the molecule affecting protein-protein interaction. Missense 
mutations can also cause protein misfolding and accelerated removal by ubiquitin- 
proteasomal surveillance pathways.

In truncating mutations, as in the case of many pathogenic MYBPC3 variants, 
haploinsufficiency is postulated as a mechanism for disease pathogenesis. The 
reported absence of detectable truncated myosin binding protein c in western-blot 
analysis of myectomy specimens of patients with this mutation has been suggested 
to be due to nonsense mediated mRNA decay of abnormal transcripts or ubiquitin- 
mediated proteasomal degradation of aberrant truncated protein [48–51].

Allelic heterogeneity may be explained by the effect of different mutations on 
the structure and function of the complete peptide. ß-myosin heavy chain, for exam-
ple, consists of a globular head, an α-helical rod and a hinge region. The globular 
head contains binding sites for ATPase and actin as well as interaction sites for regu-
latory and essential light chains in the head-rod region. The majority of disease- 
causing ß-myosin heavy chain mutations are found in one of four locations: the 
actin binding site, the nucleotide binding pocket, the hinge region adjacent to the 
binding site for two reactive thiols and in the α-helix close to the essential light 
chain interaction site. Therefore, depending on the position of the mutation, differ-
ent changes might be expected in ATPase activity, actin-myosin interaction and pro-
tein conformation during contraction.

It has been previously speculated that the HCM disease phenotype results from 
reduced contractile function caused by altered actin-myosin interactions, and con-
sequent inappropriate compensatory hypertrophic remodelling. This theory has also 
been supported by transgenic murine models (with MYBPC3 mutations) showing 
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disarray of the sarcomere on a cellular level [52], reduced myocyte contractile 
power as well as reduced rates of actin-myosin cross-bridge detachment in various 
assays [53].

However, studies of myocyte function in patients who harbour sarcomeric muta-
tions are inconsistent as some MYH7 mutations are associated with increased car-
diomyocyte mechanical contractile forces in vitro [54, 55]. Biophysical studies of 
HCM mutant proteins have shown an increase in calcium sensitivity, leading to 
increases in tension generation and ATPase activity [56–72]. Animal studies have 
also confirmed altered calcium homeostasis as a key contributor to the pathophysi-
ological processes that lead to the development of LV hypertrophy.

Murine models of sarcomeric HCM demonstrate increased calcium sensitivity 
and altered calcium cycling between the sarcomere and the sarcoplasmic reticulum. 
In vitro studies using purified myosin filaments and skinned papillary muscle from 
mice with the Arg403Gly mutation in the MYH6 gene demonstrated increased cal-
cium sensitivity of force development, predicted to cause impaired ventricular 
relaxation in vivo [73, 74]. Similarly, several studies in murine models of TNNT2 
and TPM1 disease have demonstrated an increase in calcium sensitivity [75–81].

TNNT2 mouse models show varying degrees of myocyte disarray and fibrosis 
with minimal LVH, in common with TNNT2 disease expression in humans [77, 
80–82]. Troponin-mutated mice exhibit severely impaired myocardial relaxation, 
independent of the degree of fibrosis, and consistent with the finding of increased 
calcium sensitivity at a myofilament level [77, 80, 81]. Abnormal calcium kinetics 
may also contribute to the higher incidence of sudden death in patients with TNNT2 
mutations. In support of this, ventricular myocytes from mice harbouring the I79N 
mutation in TNNT2 have a shorter effective refractory period with a lower terminal 
repolarization phase of the action potential and slowed decay kinetics, significantly 
increased diastolic calcium concentrations with isoproterenol, and stress-induced 
ventricular tachycardia [83].

Impaired calcium homeostasis and cellular signalling may result in an upregula-
tion of myocyte hypertrophy via CaMKII (calcium/calmodulin-dependent protein 
kinase 2) phosphorylation, which in turn, induces factors such as myocyte enhancer 
factor 2. This has also been shown to be associated with focal myocardial scarring 
resulting from cellular death of stressed HCM myocytes [84]. Transcriptional anal-
ysis of ventricular myocytes prior to the advent of LVH in animal models, demon-
strates an upregulation of periostin, transforming growth factor ß and other 
pro-fibrotic and proliferative intracellular signals to induce pathological remodel-
ling in HCM. The administration of TGF-ß neutralizing antibodies in this murine 
model prevented non-myocyte proliferation and fibrosis. Chronic administration of 
an angiotensin II type 1 receptor antagonist also prevented the onset of LVH in 
mutation positive but phenotypic negative mice [85].

Some HCM mutations may result in inefficient ATP usage at the myofilament 
level, suggesting that cardiac myocytes in HCM have greater energy requirements 
than normal cells [86]. This is supported by findings from murine models of HCM, 
where mutations in MYH6, MYBPC3, TNNT2, and TNNI3 result in increased con-
tractility but at the expense of inefficient ATP utilization [55, 73, 76, 87, 88]. 
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Furthermore, mice harbouring the Arg403Gly mutation in MYH6 have reduced 
basal energy stores and abnormal ATP/ADP ratios [54, 55, 67, 89]. This inefficient 
utilization of ATP is also seen in metabolic disorders or mitochondrial cytopathies, 
which can produce a pattern of LV hypertrophy similar to that in sarcomeric HCM.

9.2.5  Phenotypic Variability

There is a substantial variation in the expression of identical mutations indicating 
that other genetic and possibly environmental factors influence disease expression. 
The effect of age is perhaps the best characterized factor, most patients developing 
ECG and echocardiographic manifestations of the disease after puberty and before 
the age of thirty [90]. Gender also appears to influence disease expression in sarco-
mere protein disease. Studies on the Arg403Gly MYH6 mouse model show the 
development of left ventricular dilatation and systolic impairment in male but not 
female mice [91], and there is evidence to suggest that, in humans, males are at 
greater risk of developing end stage disease than females [92]. Other potential mod-
ifying factors include renin-angiotensin-aldosterone system gene polymorphism, 
and the occurrence of homozygosity and compound heterozygosity [93, 94].

9.2.6  Childhood Onset-HCM

The importance of sarcomeric protein gene mutations in childhood hypertrophic 
cardiomyopathy is unknown. The observation that the development of left ventricu-
lar hypertrophy in individuals with familial disease often occurs during the period 
of somatic growth in adolescence [95, 96] has led to the suggestion that sarcomeric 
protein disease in very young children is rare [97]. However, recent studies of chil-
dren with HCM have shown that, like in adults, sarcomeric protein gene mutations 
account for approximately 50% of cases of idiopathic HCM, even in infants and 
young children [98, 99] (Table 9.1).

9.2.7  Clinical Presentation of HCM

9.2.7.1  Symptoms
Many individuals with HCM have few, if any, symptoms. The initial diagnosis is 
often made during family screening or following the incidental detection of a heart 
murmur or via an abnormal routine ECG. The most common symptoms are dys-
pnoea and chest pain, which are commonly exertional, but may also occur at rest or 
following large meals. Syncope is a relatively common symptom and is caused by 
multiple mechanisms including left ventricular outflow tract obstruction (LVOTO), 
abnormal vascular responses and atrial and ventricular arrhythmias [13, 100, 101]. 
Unexplained or exertional syncope is associated with an increased risk of sudden 
death in children and adolescents. Infants can present with symptoms of heart 
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failure, such as breathlessness, poor feeding, excessive sweating and failure to 
thrive [102–106]. These symptoms usually occur in the presence of apparently nor-
mal left ventricular ejection fraction and are often caused by outflow tract obstruc-
tion, mid- cavity gradient or diastolic dysfunction.

Table 9.1 Classification and etiology of hypertrophic cardiomyopathy

Familial Non-familial
Familial, unknown gene
Sarcomeric protein genes:
  ß myosin heavy chain
  Cardiac myosin binding protein c
  Cardiac troponin I
  Troponin T
  α-tropomyosin
  Essential myosin light chain
  Regulatory myosin light chain
  Cardiac actin
  Titin
  Troponin C
  Muscle LIM protein
  FHL-1
Glycogen storage disease:
e.g. GSD II (Pompe’s disease); GSD III (Forbes’ disease), AMP 
kinase/PRKAG2 (WPW, HCM, conduction disease)
Danon disease (LAMP2 gene)
Lysosomal storage diseases (e.g. Anderson-Fabry disease, Hurler’s 
syndrome)
Disorders of Fatty Acid Metabolism
Carnitine deficiency
Phosphorylase B kinase deficiency
Mitochondrial cytopathies (e.g. MELAS, MERRF, LHON)
Syndromic HCM
  • Noonan syndrome
  • LEOPARD syndrome
  • Friedreich’s ataxia
  • Beckwith-Wiedemann syndrome
  • Swyer syndrome (pure gonadal dysgenesis)
  • Costello syndrome
Other:
  • Phospholamban promoter
  • Familial Transthyretin Amyloidosis

Obesity
Infants of diabetic 
mothers
Athletic training
Amyloid (AL/TTR)
Hypertension
Drug-Induced 
(Tacrolimus, Steroids)

Data from Elliott et al. (2008) “Classification of the cardiomyopathies: a position statement from 
the European Society of Cardiology working group on myocardial and pericardial diseases” Eur 
Heart J 29, 270–276
FHL-1 four and a half LIM domains protein 1, GSD glycogen storage disease, AMP kinase 5′ 
adenosine monophosphate-activated protein kinase, PRKAG2 5′-AMP-activated protein kinase 
subunit gamma-2, WPW Wolff-Parkinson-White syndrome, HCM hypertrophic cardiomyopathy, 
LAMP2 lysosome-associated membrane protein 2, MELAS mitochondrial encephalomyopathy, 
lactic acidosis, and stroke-like episodes, MERRF myoclonic epilepsy with ragged-red fibers, 
LHON leber hereditary optic neuropathy, LEOPARD lentigines, ECG abnormalities, ocular hyper-
telorism, pulmonary stenosis, abnormal genitalia, retardation of growth and sensorineural deaf-
ness, AL amyloid amyloid light-chain, TTR amyloid transthyretin amyloidosis
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9.2.7.2  Clinical Examination
General examination may provide important diagnostic clues in patients with syn-
dromic or metabolic phenocopies of sarcomeric HCM. Patients with HCM pheno-
copies may have other clinical features or diagnostic ‘red flags’ not associated with 
sarcomeric HCM such as cataracts, cognitive deficit, or skin rashes (such as in 
Anderson-Fabry Disease or LEOPARD syndrome) [16].

Paradoxically, the cardiovascular examination is often normal, but in patients 
with left ventricular outflow tract obstruction, the arterial pulse may have a bis-
feriens character. The jugular venous pulsation may have a prominent ‘a’ wave, 
caused by reduced right ventricular compliance. Palpation of the precordium may 
reveal a sustained, or double, apical pulsation, reflecting an atrial impulse followed 
by LV contraction; rarely, an additional late systolic impulse, resulting in a triple 
apex beat, may be felt. Auscultatory findings in patients with obstructive HCM 
include an ejection systolic murmur at the left lower sternal edge radiating to the 
right upper sternal edge and apex, but usually not to the carotid arteries or axilla. 
This murmur may be associated with a palpable precordial thrill. As the obstruction 
in HCM is a dynamic phenomenon, the intensity of the murmur is increased by 
manoeuvres that reduce the preload or afterload, such as standing from a squatting 
position or the valsalva manoeuvre. Most patients with LV outflow tract obstruction 
also have mitral regurgitation (caused by abnormal coaptation of the mitral valve 
leaflets during systole).

9.2.8  Natural History

HCM can present at any age, from infancy to advanced age [107]. Many patients 
follow a stable and benign course, with a low risk of adverse events, but a large 
number experience progressive symptoms caused by a gradual deterioration in 
left ventricular systolic and diastolic function and atrial arrhythmias. A propor-
tion of individuals die suddenly from ventricular arrhythmias, whereas others 
may die from progressive heart failure, thromboembolism, and rarely, infective 
endocarditis.

Recent studies in adults with HCM report annual sudden death rates of 1% or 
less in adults [107, 108] and 1–1.5% per year in children and adolescents. Progression 
to a “burnt out” phase [92, 109–121], has a reported prevalence ranging from 2 to 
15% in adults [92, 117, 120]. This stage is characterized by progressive left ven-
tricular dilatation, wall thinning and systolic impairment [122–124] and is associ-
ated with a poor prognosis [120], with an overall mortality rate of up to 11% per 
year [92]. Presentation in infancy can also be associated with severe and intractable 
heart failure [104–106, 125].

Atrial fibrillation (AF) is the commonest sustained arrhythmia in HCM, occur-
ring in up to 25% of patients [126–128]. Its development is related to left atrial dila-
tation, and its incidence increases with age [129, 130]. Although well tolerated in 
many cases, AF can result in acute and severe haemodynamic deterioration and is 
associated with a high risk of thromboembolism.
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9.2.9  Investigations

9.2.9.1  Electrocardiography
The resting 12-lead ECG is abnormal in 95% of individuals with HCM. Common 
features include large voltage QRS complexes, repolarization abnormalities (with 
ST segment elevation or depression), pathological Q waves (most frequently in the 
inferolateral leads) and left atrial enlargement. Voltage criteria for LV hypertrophy 
alone is not specific for HCM, and is often seen in normal, healthy teenagers and 
young adults. In infants, right ventricular hypertrophy on the ECG is commonly 
found. Giant negative T waves in the mid-precordial leads are characteristic of api-
cal HCM [131].

Some patients have a short PR interval or a slurred upstroke to the QRS (not 
associated with an accessory pathway). Patients that have HCM secondary to muta-
tions in the AMP kinase pathway, often have pre-excitation on their ECG together 
with LVH.

Atrioventricular conduction delay (including first-degree block) is rare except in 
particular subtypes of hypertrophic cardiomyopathy (e.g. in association with muta-
tions in PRKAG2 and mitochondrial disease) [132, 133]. Conduction abnormalities 
should prompt consideration of a potential HCM phenocopy such as cardiac amy-
loidosis or Anderson-Fabry disease [134]. In first-degree relatives of HCM, the 
ECG sometimes shows subtle abnormalities without echo features of hypertrophy.

The frequency of supraventricular and ventricular arrhythmias in HCM 
increases with age [127, 135–137]. Ambulatory ECG monitoring reveals supra-
ventricular arrhythmias in 30–50% and non-sustained ventricular tachycardia 
(NSVT) in 25–30% of individuals [138]. Most episodes of NSVT are relatively 
slow, asymptomatic, and occur during periods of increased vagal tone. Sustained 
ventricular tachycardia is uncommon, but may occur in association with apical 
aneurysms [139].

9.2.9.2  Echocardiography
HCM is identified by the presence on echocardiography of LV wall thickness greater 
than two standard deviations above the body surface area-corrected mean in any 
myocardial segment (see also Chap. 8). In a proband with suspected HCM, a wall 
thickness >=15 mm is usually required or >=13 mm in a first degree relative of a 
patient with HCM [14]. Any pattern of LV hypertrophy is consistent with the diag-
nosis of HCM, including concentric (equal hypertrophy across all segments of the 
left ventricle), eccentric (with the lateral and posterior walls more affected than the 
septum), distal (distal segments more affected than basal segments), and apical 
(hypertrophy confined to the left ventricular apex) [25, 140–142] patterns.

Approximately 25% of patients have LVOTO at rest, and as many as 70% may 
have latent, or provocable LVOTO, caused by contact between the anterior mitral 
valve leaflet or chordae and the ventricular septum during systole [143, 144]. Most 
patients with systolic anterior motion of the mitral valve and LVOTO have a poste-
riorly directed jet of mitral regurgitation. In some patients, systolic obliteration of 
the left ventricular cavity may produce a high velocity gradient in the mid-ventricle 
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and consequent midcavity obstruction [145]. Right ventricular outflow tract obstruc-
tion may be seen in infants with HCM, and in older children and adults with cardio-
myopathy associated with Noonan syndrome and some metabolic disorders.

Left ventricular global systolic function, as assessed by changes in ventricular 
volume during the cardiac cycle, is typically increased. However, regional and long-
axis function on tissue Doppler or strain deformation analysis is often reduced, and 
cardiac output responses during exercise may be impaired [146–148]. Diastolic 
function is often impaired in patients with HCM. Characteristically, patients with 
diastolic left ventricular impairment demonstrate reduced early diastolic (Ea) veloc-
ities in the mitral annulus and septum, and a reversal of the ratio of early to late 
diastolic velocities (Ea/Aa). In addition, the ratio of mitral inflow E wave to annular 
early diastolic velocity (E/Ea) can be used as a measure of left ventricular end- 
diastolic pressure, and predicts exercise capacity in adults [149] and children [150] 
with HCM.  Tissue Doppler imaging may be useful in detecting mild disease in 
otherwise phenotypically normal gene carriers [151, 152].

9.2.9.3  Cardiopulmonary Exercise Testing
Individuals with HCM usually have a reduced peak oxygen consumption during 
exercise testing compared with healthy age-matched controls, even when asymp-
tomatic [153, 154]. This can help from a diagnostic perspective in differentiation of 
patients with HCM from those with an athlete’s heart where athletic individuals 
quite often have a supranormal peak oxygen consumption.

In addition, one quarter of adults with HCM have an abnormal blood pressure 
response to exercise, with the blood pressure falling or failing to rise by more than 
20–25 mmHg from baseline [155, 156]. This results from abnormal vasodilatation 
of the non-exercising vascular beds, possibly triggered by inappropriate firing of 
left ventricular baroreceptors [100] and impaired cardiac output responses [157]. 
CPEX can also provide useful prognostic information in HCM patients. Exercise 
parameters such as ventilatory efficiency, anaerobic threshold and peak oxygen con-
sumption may predict mortality from heart failure [158].

9.2.9.4  Cardiac Magnetic Resonance Imaging
Cardiac magnetic resonance imaging is used to evaluate the distribution and sever-
ity of LV hypertrophy and can provide functional measurements of systolic and 
diastolic function (see Chap. 7). It is particularly useful for assessing the degree of 
apical hypertrophy and the presence of apical aneurysms in the distal variant of 
HCM which may be sometimes sub-optimally assessed on TTE. In addition, mag-
netic resonance imaging can be used to assess myocardial tissue characteristics 
in vivo with gadolinium contrast agents. Many patients with HCM have areas of 
patchy gadolinium hyperenhancement particularly in the regions of maximal hyper-
trophy and studies suggest that the extent of gadolinium enhancement correlates 
with risk factors for sudden death and with progressive left ventricular remodelling 
[159, 160]. Adenosine induced stress perfusion MRI can be used to look for areas 
of reduced perfusion on stress that may be due to concomitant epicardial coronary 
artery disease or due to microvascular dysfunction. [161, 162].
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9.2.10  Clinical Management

9.2.10.1  Symptoms
Patients with LVOTO require lifestyle advice including remaining adequately 
hydrated, avoiding excess ethanol intake, optimising body mass index and avoiding 
large heavy meals. β-adrenergic receptor blockers are recommended first line in 
patients with symptomatic obstructive HCM. β-blockers can reduce symptoms of 
chest pain, dyspnoea and presyncope on exertion. Studies using very large doses of 
propranolol in children and adolescents have reported improved long-term survival 
[163], but side-effects are common, as they can affect growth and school perfor-
mance in young children or trigger depression [107].

In adults, the addition of the class I antiarrhythmic disopyramide can also reduce 
obstruction and improve symptoms [164–167], an effect exerted through its nega-
tive inotropic and peripheral vasoconstriction action. Disopyramide dose uptitration 
is limited by its anticholinergic side-effects including constipation, urinary reten-
tion, dry eyes and dry mouth resulting in it being contraindicated in patients with 
glaucoma or prostatic symptoms. In addition, disopyramide causes prolongation of 
the QT interval and so the ECG must be monitored regularly and other drugs that 
prolong the QT interval should be avoided.

Calcium antagonists, verapamil or diltiazem, may be used as an alternative to 
beta-blockers, to improve LVOTO symptoms by relieving myocardial ischaemia 
and reducing myocardial contractility [168, 169]. Verapamil has negative chrono-
tropic, negative inotropic and positive lusitropic (improves diastolic filling) actions. 
However, in patients with severe symptoms caused by large (>100 mmHg) gradi-
ents and pulmonary hypertension, verapamil can cause rapid haemodynamic dete-
rioration [170, 171] and therefore must be used with caution in this group. 
Spironolactone may be used to improve symptoms related to diastolic dysfunction 
or raised LV filling pressures.

Candidates for invasive management of LV outflow tract symptoms include 
those with NYHA class 3–4 symptoms on maximal tolerated medical therapy with 
an LVOT gradient >=50 mmHg and or recurrent exertional syncope [14]. The refer-
ence standard therapy [172–176] is septal myectomy, in which a trough of muscle 
is removed from the interventricular septum through an aortic incision. In the hands 
of experienced surgeons, the peri-operative mortality is <1% and the success rate is 
high, with long-term abolition of outflow gradient, resulting in a marked improve-
ment in symptoms and exercise capacity in over 90% of patients [14]. Complications 
include complete heart block requiring permanent pacemaker insertion in less than 
5% of patients and ventricular septal defect. Post-myectomy, patients may develop 
a mild degree of aortic insufficiency which may progress slowly over time [177, 
178]. As many as 20% of patients undergoing myectomy, require mitral valve inter-
vention as well via an Alfieri stitch or MV replacement.

Alcohol septal ablation (ASA) of the interventricular septum is an alternative 
procedure in which 95% alcohol is injected into a septal perforator of the left ante-
rior descending coronary artery branch using a small over the wire balloon catheter 
located in one of the first or second septal perforators to produce an area of localized 
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myocardial necrosis within the basal septum and induce septal hypokinesis [179–
181]. Myocardial damage is kept to a minimum by visualizing the area supplied by 
the perforator branch using echocardiographic visualization of intra-coronary con-
trast injection. The incidence of permanent pacing is upto 15% given the risk of 
transient or permanent AV block.

Pacing of the right ventricular apex has been suggested to provide beneficial 
haemodynamic effects in patients with LVOTO. Pacing causes paradoxical septal 
motion away from systolic anterior motion of the mitral valve and contributes to 
reduced LV inotropy and reduced degrees of outflow tract obstruction [182]. The 
response of pacing with a short AV delay to manage LVOTO is variable [182–185] 
and is usually reserved for those that have conduction disease and are likely to 
require pacing or in those not amenable to myectomy or ASA.

In patients without LVOTO, chest pain and dyspnoea are usually caused by LV 
diastolic impairment and myocardial ischaemia. Treatment in this group of patients 
is empiric and often suboptimal. Both β-blockers and calcium antagonists can ame-
liorate symptoms by improving LV relaxation and filling, reducing LV contractility 
and relieving myocardial ischaemia. 25% of patients with mid-cavity obstruction go 
on to develop LV apical aneurysms. In some cases, patients can develop LV throm-
bus within the aneurysm, which would mandate anticoagulation. LV aneurysms 
may also act as a substrate for monomorphic ventricular tachycardia.

Individuals who develop end-stage disease should receive conventional heart 
failure treatment, and if appropriate, be considered for device therapy (CRT) or for 
cardiac transplantation [186]. A recent study suggested that biventricular pacing 
improved heart failure symptoms and resulted in reverse atrial and ventricular 
remodelling in up to 40% of patients with end-stage HCM [187].

A select subgroup of patients with HCM and refractory symptoms despite opti-
mal management should be considered for referral for cardiac transplantation.

9.2.11  Sudden Cardiac Death

Although, the overall risk of sudden death in patients with HCM is low, at less 
than 1% per annum, a minority of individuals have a much greater risk of ven-
tricular arrhythmia and sudden death [188, 189]. The most reliable predictor of 
sudden cardiac death in HCM is a history of previous cardiac arrest [190, 191]. 
In patients without such a history, the most clinically useful markers of risk are: 
a family history of sudden cardiac death [192, 193]; unexplained syncope (unre-
lated to neurocardiogenic mechanisms); an abnormal blood pressure response to 
upright exercise particularly if under the age of 40 [156, 194, 195]; non-sustained 
ventricular tachycardia on ambulatory electrocardiographic monitoring or during 
exercise [135, 194, 196]; and left ventricular wall thickness of 30 mm or more 
[197, 198]. Patients with none of these features have a low risk of sudden death 
(less than 1% per year), whereas those with two or more risk factors are at sub-
stantially higher risk of dying suddenly. A recent retrospective, multi-centred 
analysis resulted in the formulation of the HCM risk-SCD score to estimate 
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annual mortality rates and help guide defibrillator therapy [199]. This scoring 
system incorporates variables including age, maximum wall thickness, left atrial 
dimension, LV outflow tract gradient [200], presence of NSVT, family history of 
sudden cardiac death and unexplained syncope and takes into account the incre-
mental impact continuous variables such as larger LV wall thickness have on the 
risk of SCD, rather than absolute ‘cut-offs’ that the older conventional algo-
rithms utilise [199].

In patients considered to be at high risk of sudden death, insertion of an 
implantable cardioverter-defibrillator (ICD) should be considered [107]. 
Retrospective registry data demonstrate that ICDs prevent sudden death in patients 
with HCM, with annual appropriate discharge rates of 11% in secondary preven-
tion patients (those with a history of prior cardiac arrest or sustained ventricular 
arrhythmia) and 3–5% in the primary prevention group [201, 202]. In children 
with HCM, appropriate discharge rates are higher in the secondary prevention 
group [203, 204].

9.3  Metabolic Cardiomyopathies

A number of inheritable inborn errors of metabolism are associated with left ven-
tricular hypertrophy (Table 9.1) (see also Chap. 7).

9.3.1  Anderson-Fabry Disease (AFD)

Anderson-Fabry disease (AFD) is a lysosomal storage disorder caused by mutations 
in the α-galactosidase A gene. It is inherited as an X-linked dominant trait and the 
resultant enzyme deficiency causes progressive accumulation of glycosphingolipid 
in the skin, nervous system, kidneys and most commonly, the heart [205, 206]. 
Cardiac manifestations include progressive left ventricular hypertrophy (which can 
be a sarcomeric HCM phenocopy), valve disease, conduction abnormalities, supra-
ventricular and ventricular arrhythmias. AFD is associated with a high burden of 
cardiovascular morbidty and mortality with one cohort study identifying 10% of 
patients developing severe heart failure; 6% of patients requiring bradycardia pac-
ing and 3% with cardiovascular mortality [207]. Disease expression begins after 
adolescence in males and females [206, 208–210] with males generally more 
severely affected than their female counterparts due to the X-linked pattern of inher-
itance. Treatment with recombinant α-galactosidase A improves renal and neuro-
logical manifestations as well as quality of life, but its effect on the cardiac 
manifestations is still not determined [206]. Studies involving small number of 
patients have suggested that in patients without myocardial fibrosis, enzyme replace-
ment therapy results in a reduction in LV mass and improvement in myocardial 
function although this effect is only minimal once patients have mild or more 
advanced myocardial fibrosis [211].

M.M. Akhtar et al.



273

9.3.2  Danon Disease

Danon disease is an X-linked lysosomal storage disorder, characterised clinically 
by cardiomyopathy, skeletal myopathy and developmental delay. It is caused by 
mutations in the gene encoding lysosome-associated membrane protein-2 (LAMP- 
2) [212] and results in intra-cytoplasmic accumulation of autophagic material and 
glycogen within vacuoles in cardiac and skeletal myocytes [213]. Males develop 
symptoms during childhood and adolescence, whereas female carriers usually 
develop hypertrophic or dilated cardiomyopathy during adulthood [214]. The prog-
nosis is generally poor, with most patients dying from cardiac failure, although 
sudden death is also reported, even in female carriers [214]. It has been identified as 
a relatively common cause of unexplained left ventricular hypertrophy in paediatric 
populations, accounting for 6% of cases in a cohort of 136 paediatric patients with 
HCM [215]. The average age of symptom onset in males is 12.1  years, cardiac 
transplantation at 17.9 years and mortality at 19 years; which is over a decade ear-
lier than their female counterparts [216]. Other features of Danon disease include 
Wolff-Parkinson-White syndrome, elevated serum creatine kinase and retinitis pig-
mentosa [217].

9.3.3  Pompe Disease (Glycogen Storage Disease Type IIa)

Pompe disease (glycogen storage disease type IIa) is an autosomal recessive disor-
der caused by a deficiency in the enzyme acid maltase. Infantile, juvenile and adult 
variants are recognised, differing in their age of onset, rate of disease progression 
and organ involvement. The infantile and childhood forms are characterized by 
myocardial glycogen deposition, massive cardiac hypertrophy and heart failure. The 
infantile form presents in the first few months of life with severe skeletal muscle 
hypotonia, progressive weakness, cardiomegaly, hepatomegaly and macroglossia 
and is usually fatal before 2 years of age due to cardiorespiratory failure. The ECG 
typically shows broad high-voltage QRS complexes and ventricular pre-excitation. 
In the juvenile and adult onset variants, disease is usually limited to skeletal muscle, 
with a slowly progressive proximal myopathy and respiratory muscle weakness. 
Recombinant enzyme replacement in the infantile and childhood forms appears to 
cause regression of left ventricular hypertrophy and is associated with improved 
survival [218–220].

9.3.4  Wolff-Parkinson-White syndrome

Mutations in the gene encoding the γ2 subunit of the adenosine monophosphate- 
activated protein kinase (PRKAG2) [221, 222] are responsible for a syndrome of 
hypertrophic cardiomyopathy, conduction abnormalities and Wolff-Parkinson- 
White syndrome and are inherited in an autosomal dominant fashion. The majority 
of these patient have the missense mutation p.Arg302Gln, in the PRKAG2 gene 
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[223]. This ‘gain of function’ mutation in basal AMP kinase activity results in 
excessive myocardial glucose uptake and pathological glycogen storage within car-
diomyocytes [224, 225]. Histologically, there is an accumulation of glycogen within 
cardiac myocytes and the conduction tissue. A skeletal myopathy is present in many 
individuals and skeletal muscle biopsy shows excess mitochondria and ragged red 
fibres [226]. Patients develop progressive conduction disease, often requiring a 
pacemaker by their fourth or fifth decade in life, and left ventricular hypertrophy 
and atrial arrhythmias are common [225, 227]. The left ventricular hypertrophy may 
be asymmetric left ventricular hypertrophy, apical hypertrophy or even biventricular 
hypertrophy [223]. Electrocardiographic expression is universal by the age of 
18  years [226]. Disease-related mortality is related to thromboembolic stroke 
(resulting from atrial fibrillation) and sudden cardiac death [226]. In a cohort analy-
sis of 34 patients with PRKAG2 mutations, 61% developed a HCM phenotype, 22% 
developed conduction block and 20% had sudden cardiac death by the age of 40 
[223]. Recent studies suggest that PRKAG2 mutations account for no more than 1% 
of cases of HCM [226].

9.3.5  Mitochondrial Cardiomyopathies

Primary mitochondrial disorders are caused by sporadic or inherited mutations in 
nuclear or mitochondrial DNA that are transmitted as autosomal dominant, autosomal 
recessive, X-linked or maternal traits (see also Chap. 8). The most frequent abnor-
malities occur in genes that encode the respiratory chain protein complexes, leading 
to impaired oxygen utilization and reduced energy production. The clinical presenta-
tion of mitochondrial disease is variable in age at onset, symptoms, and the range and 
severity of organ involvement. Cardiac involvement is a feature in up to 40% of mito-
chondrial encephalomyopathies [228], and usually takes the form of a hypertrophic 
cardiomyopathy [229–231], although other cardiomyopathies, including dilated car-
diomyopathy and left ventricular non-compaction are reported [228]. Children with 
mitochondrial disease and cardiac involvement present earlier than those with non-
cardiac disease [228, 229] and have a much worse prognosis [228]. The cardiac phe-
notype is usually concentric LV hypertrophy without outflow tract obstruction, and 
rapid progression to left ventricular dilatation, systolic impairment and heart failure is 
described [228, 229]. Sudden arrhythmic death has also been reported [228, 229]. 
Complications such as heart failure and ventricular arrhythmias can be exacerbated by 
a metabolic crisis precipitated by febrile illness or surgery. Some of the mitochondrial 
disorders include MELAS (Mitochondrial Encephalomyopathy, Lactic Acidosis and 
Stroke-like episodes), MERRF (Myoclonic Epilepsy with Ragged Red Fibres), MIDD 
(Maternally Inherited Deafness and Diabetes), LHON (Leber Hereditary Optic 
Neuropathy), Leigh Syndrome, Barth Syndrome and Kearns-Sayre Syndrome [232]. 
In a case series of patients with MERRF, early age of disease onset was the only factor 
associated with the occurrence of myocardial disease [233].
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9.3.6  Friedreich’s Ataxia

Friedreich’s ataxia is an autosomal recessive condition caused by mutations in the 
frataxin gene. Cardiac involvement is very common, and is usually (but not exclu-
sively) characterized by concentric LV hypertrophy without LV outflow tract 
obstruction [234]. Patients are usually asymptomatic from a cardiac viewpoint, but 
progression to LV dilatation and heart failure is described [235]. As many as 60% of 
patients with Friedreich’s ataxia die from cardiac causes [236].

9.4  Malformation Syndromes Associated with LV 
Hypertrophy

A number of malformation syndromes, most of which present in childhood, are 
associated with HCM (see also Chap. 6).

9.4.1  Noonan Syndrome

Noonan syndrome is characterized by short stature, dysmorphic facies, skeletal 
malformations and a webbed neck [237–239]. Cardiac involvement is present in 
up to 90% of patients with Noonan syndrome and most commonly takes the form 
of pulmonary valve stenosis and HCM [240]. Some cases present with conges-
tive cardiac failure in infancy and may be associated with biventricular hypertro-
phy and bilateral ventricular outflow tract obstruction [240]. The cardiac 
histological findings in Noonan syndrome are indistinguishable from idiopathic 
HCM [241]. Noonan syndrome is inherited as an autosomal dominant trait with 
variable penetrance and expression. Mutations in the PTPN11 gene, encoding the 
protein tyrosine phosphatase SHP-2 (a protein with a critical role in RAS-ERK-
mediated intracellular signal transduction pathways controlling diverse develop-
mental processes [242]), have been shown to cause Noonan syndrome [243]. To 
date, at least 39 different mutations have been identified, accounting for approxi-
mately 50% of cases of Noonan syndrome [239]. Other genes implicated in 
Noonan syndrome include SOS1 [244] (encoding a RAS-specific guanine nucle-
otide exchange factor), which accounts for up to 28% of cases [245, 246]; KRAS 
(which encodes a GTP- binding protein in the RAS-ERK pathway) in less than 
5% of cases [247]; and RAF1 (a downstream effector of RAS) [248, 249]. Only 
5–9% of all individuals with mutations in the PTPN11 gene have hypertrophic 
cardiomyopathy [250, 251]. In one longitudinal study of 74 patients with Noonan 
syndrome and HCM, affected individuals were more likely to present at an ear-
lier age (before 6 months of age) and with congestive cardiac failure when com-
pared to children with sarcomeric HCM.  They also had a significant early 
mortality of 22% at 1 year [252].
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9.4.2  LEOPARD Syndrome

LEOPARD syndrome (Lentigines, ECG abnormalities, Ocular hypertelorism, 
Pulmonary stenosis, Abnormalities of the genitalia, Retardation of growth, and 
Deafness) shares many phenotypic features with Noonan syndrome, and recent stud-
ies have shown that most patients with LEOPARD syndrome also have mutations in 
the PTPN11 gene [253]. HCM in patients with LEOPARD syndrome is usually 
asymmetric LVH and is generally found in as many as 80% of patients with cardiac 
defects. Patients may also develop significant LV outflow tract obstruction in upto 
40% of cases [254]. The HCM usually precedes the lentigine formation and it can 
worsen with the appearance of lentigines [255]. Sudden death has also been reported 
in patients with LEOPARD syndrome and HCM [256].

Key Points
• Hypertrophic cardiomyopathy is a heterogeneous condition that can affect patients 

at any age
• Most cases are caused by autosomal dominant mutations in cardiac sarcomere 

protein genes
• Other causes include inherited errors of metabolism, mitochondrial disease, mal-

formation syndromes and neuromuscular disorders
• The management of hypertrophic cardiomyopathy includes evaluation of fam-

ily members, symptom management, and identification and prevention of 
disease- related complications, including sudden cardiac death, heart failure and 
thromboembolism

9.5  Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is a myocardial disorder characterized by the pres-
ence of LV dilatation and LV systolic impairment in the absence of abnormal load-
ing conditions or coronary artery disease sufficient to cause global systolic 
dysfunction [1]. Right ventricular dilatation and dysfunction may also be present. 
There are also overlapping phenotypes with arrhythmogenic cardiomyopathy or LV 
non-compaction. The prevalence of DCM is thought to be in the range of 1 in 2500 
adults, with an annual incidence of between 5 and 8 per 100,000 [2]. Familial DCM 
accounts for between 20–48% of cases of DCM [257]. In children, the incidence is 
much lower (0.5–0.8 per 100,000 per year), but DCM is the commonest cardiomy-
opathy in the paediatric population [8, 9].

9.5.1  Etiology

DCM can be caused by toxins, neuromuscular disorders, inborn errors of metabo-
lism and malformation syndromes (Table 9.2), but in the majority of patients, no 
identifiable cause is found (‘idiopathic DCM’) [58, 194]. Up to 25% of individuals 
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with DCM have familial disease, in which at least one other first-degree relative is 
affected [258], and a further 20% of family members have isolated LV enlargement 
with preserved systolic function, a proportion (up to 10%) of whom subsequently 
develop overt DCM [259, 260]. Genetic causes of DCM may result in a purely iso-
lated cardiac phenotype or also result in a peripheral skeletal myopathy.

9.5.2  Familial/Genetic DCM

A number of genetic mutations can cause DCM [86]. In the majority of cases, these 
are transmitted as an autosomal dominant trait, but other forms of inheritance, 
including autosomal recessive, X-linked (e.g. dystrophin, tafazzin or emerin) and 
matrilinear inheritance are also recognized. The mutations implicated in DCM are 

Table 9.2 Classification and etiology of dilated cardiomyopathy

Familial Non-familial
Familial, unknown gene
Sarcomeric protein mutations
  • MYH7 (ß myosin heavy chain)
  •  MYBPC3 (Cardiac myosin binding 

protein c)
  • TNNT2 (Troponin T)
  • TNNI3 (Troponin I)
  • TTN (Titin)
Z band and associated proteins:
  • ZASP
  • Muscle LIM protein
  • TCAP
  •  BAG3 (Bcl2-Associated 

Athanogene)
  • FLNC (Filamin C)
Cytoskeletal genes:
  • Dystrophin
  • Desmin
  • Metavinculin
  • Sarcoglycan complex
  • CRYAB
  • Epicardin
Nuclear membrane
  • Lamin A/C
  • Emerin
Intercalated disc protein mutations
  • Desmoplakin
Mitochondrial cytopathy

Myocarditis (infective/toxic/immune)
Kawasaki disease
Eosinophilic (Churg Strauss syndrome)
Viral persistence e.g. Retroviral disease (HIV)
Drugs e.g. Anthracycline induced 
cardiomyopathy; Cocaine
Pregnancy and Peri-partum cardiomyopathy
Endocrine e.g. Thyroid dysfunction
Nutritional—thiamine, carnitine, selenium, 
hypophosphataemia, hypocalcaemia
Alcohol
Tachycardia-induced cardiomyopathy

Data from Elliott et al. (2008) “Classification of the cardiomyopathies: a position statement from 
the European Society of Cardiology working group on myocardial and pericardial diseases” Eur 
Heart J 29, 270–276
ZASP ZO-2 associated speckle protein, TCAP titin-cap, CRYAB crystallin alpha B
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heterogeneous and involve genes encoding proteins in various cellular structures 
such as nuclear envelope, cytoskeleton, cardiac sarcomere, mitochondrial and cal-
cium handling transporters [261, 262].

Genes implicated in isolated DCM include cytoskeletal (δ-sarcoglycan [263], 
β-sarcoglycan [264] and desmin) and sarcomere protein genes (including Titin 
[265], α-cardiac actin [266], troponin T [267], β-myosin heavy chain [267], tropo-
nin C [268, 269] and α-tropomyosin [270]). Many of these are non-synonymous 
missense mutations or involve insertion-deletions or substitutions resulting in pro-
tein truncation (via a premature stop codon).

The pathophysiological mechanisms by which cytoskeletal mutations cause 
DCM include impaired transmission of contractile force generated by the sarco-
mere. In many cases, sarcomeric protein gene mutations associated with DCM are 
located in functional domains involved in force propagation, suggesting a com-
mon pathophysiological mechanism with cytoskeletal mutations [261]. As in 
HCM, altered myocyte bioenergetic processes also play a role in the development 
of DCM associated with sarcomeric and cytoskeletal mutations. Troponin T muta-
tions, for example, can cause DCM by altering calcium sensitivity and cell 
contractility.

Titin is the largest sarcomere protein encompassing almost half of the sarcomere. 
It plays an important organisational and anchoring role, regulating sarcomere length 
within the cardiac myocyte. Recently, the role of Titin (TTN) mutations in the patho-
genesis of DCM has been identified, accounting for as many as 35% of sarcomeric 
mutations implicated in DCM. Truncating TTN mutations are associated with DCM 
and cluster in the A band of the Titin molecule. In one analysis of a DCM cohort, 54 
out of 312 DCM patients had nonsense, frame-shift or splice-site affecting muta-
tions that truncated the titin molecule [265].

Mutations in other genes including Troponin C (TNNC1), Troponin T (TNNT2), 
Tropomyosin (TPM1), Myosin Heavy Chain (MYH7) or Myosin Binding Protein C 
(MYBPC3) can also cause the onset of a DCM phenotype. For example, a lysine 
base-pair deletion at position 210 of the troponin T gene results in a gain of function 
of the coded mutant protein which in turn disrupts inter-molecular interaction within 
the sarcomere between troponin T and tropomysosin capitulating the DCM pheno-
type [271, 272].

Tropomyosin mutations cause DCM as well as LV non-compaction. A D230N 
mutation in the TPM1 gene was previously described in two different large cohorts 
[273]. This mutation reduces the calcium sensitivity of actinin-activated myosin 
ATPase and is associated with a heterogeneous DCM phenotype from DCM onset 
in childhood to mild LV dilatation.

Specific mutations (e.g. S532P and F764 L) in the MYH7 gene are associated 
with familial DCM and LVNC [274]. These mutations affect the myosin head and 
actin binding, resulting in reduced sarcomere energy efficiency.

Mutations in genes that encode costamere proteins also cause DCM. These pro-
teins link the cytoskeleton to the cell membrane as well as to the extracellular 
matrix. The dystrophin complex, which is linked to cytoplasmic proteins and to 
integrin, talin and vinculin, all protect against contraction injury to the striated 
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muscle [275]. Loss of function mutations in these integral structures in the dystro-
phin complex render the cardiomyocyte susceptible to contraction damage [276].

Mutations in proteins in the Z band of the cardiac sarcomere have also been 
identified in the pathogenesis of DCM.  The Z band is the electron microscopic 
dense region where thin filaments and titin molecules anchor. Mutations in cardiac 
ankyrin repeat protein (CARP), TCAP, alpha-actinin 2 (ACTN2) and muscle lim 
protein (MLP) have been identified.

Several genes are also associated with isolated DCM and conduction disease [86, 
277], but only one, lamin A/C which encodes a nuclear envelope intermediate fila-
ment protein, has been identified. Lamins A and C together with other lamin associ-
ated proteins form part of the LINC complex and are located in the nucleoplasm as 
well as the nuclear membrane. Lamins A and C are differently spliced proteins 
encoded by the LMNA gene. Mutations in lamin A/C result in atrial arrhythmia and 
progressive atrioventricular conduction disease that frequently precedes the devel-
opment of LV dilatation and systolic dysfunction by several years [278–280] (see 
also Chap. 10). Some mutations in lamin A/C result in DCM and conduction disease 
alone [279], whereas others lead to juvenile-onset muscular dystrophies (including 
Emery-Dreiffus muscular dystrophy) [281, 282] or familial partial lipodystrophy 
with insulin resistant diabetes [283]. Over 200 mutations in the LMNA gene have 
been identified; the majority are autosomal dominant, although recessive variants 
have also been identified. In one study of familial DCM and concomitant conduc-
tion tissue disease, 33% of patients had a mutation in the LMNA gene [284]. 
Pathogenic mutations, particularly frameshift mutations, in the LMNA gene also 
increase the risk of ventricular dysrhythmias [285]. The pathophysiological mecha-
nisms underlying disease in Lamin A/C remain poorly understood, but several 
hypotheses have been proposed. These include nuclear fragility with disruption of 
the nuclear architecture; alterations in cellular signalling or gene expression, result-
ing in abnormal interaction between lamins and other nuclear proteins such as des-
min; and interference with the processing of pre-lamin A, which results in abnormal 
lamin function and nuclear abnormalities [286, 287]. Cardiac myocytes from mice 
deficient in lamin A/C have abnormalities of the nucleus and desmin cytoskeletal 
network and impaired mechanotransduction and activation of transcriptional pro-
grammes in response to mechanical stress [288–290].

Recently, mutations in the Filamin C (FLNC) gene, have been identified as a 
cause of DCM or arrhythmogenic cardiomyopathy. Filamin C is a protein that 
attaches the cardiac sarcomere to the cellular membrane and mutations in this gene 
can also be associated with myofibrillar myopathy. Truncating mutations in FLNC 
are associated with ventricular dilatation and dysfunction; myocardial fibrosis, ven-
tricular arrhythmias and sudden cardiac death with >97% penetrance by 40 years of 
age [291].

X-linked inheritance accounts for between 2–5% of familial cases of DCM 
[292–295]. Most cases are caused by Duchenne, Becker and Emery-Dreifuss mus-
cular dystrophies. Isolated X-linked DCM, also caused by mutations in the dystro-
phin gene, was first described in 1987 in young males with severe disease and rapid 
progression of congestive cardiac failure to death or transplantation [296]. The 
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condition is characterized by raised serum creatine kinase muscle isoforms, but 
does not result in the clinical features of muscular dystrophy seen in Duchenne or 
Becker muscular dystrophies. Female carriers of Duchenne and Becker muscular 
dystrophies, as well as female carriers of X-linked DCM, develop DCM later in life, 
usually in their 50s, that is milder in severity than that in their male counterparts. 
Cardiac muscle biopsies in female carriers show a mosaic pattern of dystrophin 
expression [297].

Barth syndrome (DCM, skeletal myopathy and neutropenia) is an X-linked dis-
order cause by mutations in the G4.5 gene, which encodes the protein tafazzin [298, 
299]. The condition typically presents in male neonates or young infants with con-
gestive heart failure, neutropenia and 3-methylgutaconic aciduria. Although some 
children die in infancy (due to progressive heart failure, sudden death or sepsis), 
most survive into childhood and beyond, but the DCM persists. Mutations in the 
G4.5 gene also cause isolated DCM, endocardial fibroelastosis and LV noncompac-
tion, with or without the other features of Barth syndrome [300, 301].

9.5.3  Non-familial/Non-genetic DCM

While numerous causes of non-familial DCM are recognized (Table 9.2), in most 
patients, no obvious environmental or endogenous trigger for disease is found. Non- 
familial causes should prompt a search for autoimmune, toxin, infective and meta-
bolic aetiologies [302].

Acute or chronic myocarditis may result in a dilated cardiomyopathy phenotype. 
In animal models, acute myocarditis caused by viral infection results in an initial 
phase of myocyte necrosis and macrophage activation, which in turn results in the 
release of numerous cytokines including interleukin-1, tumour necrosis factor and 
interferon gamma. These stimulate the infiltration of mononuclear cells and produc-
tion of neutralizing antibodies, resulting in viral clearance [303]. Following this 
viral clearance phase, the heart may recover completely or may enter a chronic 
phase secondary to activation of neuro-humoral systems, resulting in ongoing fibro-
sis, LV dilatation and heart failure.

Myocarditis is often a difficult diagnosis as it encompasses a variety of clinical 
presentations such as acute coronary syndrome, arrhythmic presentation and con-
gestive heart failure. The gold standard for diagnosis is an invasive endomyocardial 
biopsy to demonstrate active myocardial inflammation however there is significant 
variability in the utilisation of this technique [304, 305]. Increasingly, non-invasive 
imaging modalities such as CMRI are being used to confirm the diagnosis.

Many studies have examined the prevalence of myocardial inflammation and 
viral particles in DCM. Studies using immunocytochemical techniques to detect 
myocardial inflammation show that up to two-thirds of patients have an inflamma-
tory cardiomyopathy [306, 307]. This is associated with increased expression of 
HLA class II major histo-compatibility antigens as well as cell adhesion mole-
cules [307].
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The underlying cause of the inflammation seen in DCM remains incompletely 
understood. There is circumstantial evidence that some of the inflammation relates 
to auto-immune processes: there is an association between DCM and HLA-DR4 
antigen; many patients have elevated levels of circulating cytokines and cardiac- 
specific antibodies; there is evidence for familial aggregation of auto-immune dis-
eases in some individuals with DCM; and relatives of patients with DCM also have 
increased levels of circulating cytokines and anti-heart antibodies [308–311].

A second hypothesis is that the inflammation is secondary to the persistence of 
viral particles in the myocardium. Studies in children suggest that 20% of patients 
with DCM have evidence for viral persistence compared to 1.4% of normal controls 
[312]. In adults, the prevalence varies from 0% to as many as 80% of patients [313–
315]. There are several reasons for the variability, including differences related to the 
size and number of the biopsy samples or to laboratory technique and processing.

9.5.4  Other Causes of Dilated Cardiomyopathy in Childhood

Inborn errors of metabolism account for only 4% of cases of DCM. Of these, mito-
chondrial disorders are the commonest (46% of cases), followed by Barth syndrome 
(24%) and primary or systemic carnitine deficiency (11%) [295]. Patients with 
DCM in association with metabolic disease typically present in infancy and there is 
a male predominance. Malformation syndromes are rarely associated with DCM in 
1% of cases [295]. Hypocalcaemic rickets can present as an isolated DCM in infancy 
[316–321].

9.5.5  Pathology

The characteristic macroscopic features of DCM are the presence of a globular 
shaped heart with ventricular (and often also atrial) chamber dilatation and diffuse 
endocardial thickening [322]. Thrombus may be present in the atrial appendages 
and within the ventricular cavity. Overall, myocardial mass is increased, but ven-
tricular wall thickness is reduced. The histological features of DCM are non- specific 
and include myocyte degeneration, interstitial fibrosis, myocyte nuclear hypertro-
phy and pleomorphism (Fig. 9.2). There is often extensive myofibrillary loss, result-
ing in a vacuolated appearance of the myocytes. In addition, there is frequently an 
increase in interstitial T lymphocytes and focal accumulation of macrophages asso-
ciated with individual myocyte death [322].

9.5.6  Clinical Presentation

The symptoms and signs associated with DCM are highly variable and dependent 
on the degree of left ventricular dysfunction. Whilst sudden cardiac death or a 
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thromboembolic event may be the initial presentation, the majority of patients pres-
ent with symptoms of high pulmonary venous pressure, arrhythmias (such as atrial 
fibrillation) and/or low cardiac output. This presentation can be acute (often precipi-
tated by intercurrent illness or arrhythmia [58, 194, 323]) or chronic, with symp-
toms preceding the diagnosis by many months or years. Increasingly, DCM is 
diagnosed incidentally in asymptomatic individuals as a result of familial screening 
or routine medical assessment.

9.5.6.1  Symptoms
Older children and adults often present initially with reduced exercise tolerance and 
dyspnoea on exertion. As LV function deteriorates, dyspnoea at rest, orthopnoea, 
paroxysmal nocturnal dyspnoea, peripheral oedema and ascites may develop. 
Infants with DCM typically present with poor feeding, tachypnoea, respiratory dis-
tress, diaphoresis during feeding and failure to thrive. In children, symptoms related 
to mesenteric ischaemia may occur, such as abdominal pain after meals, nausea, 
vomiting and anorexia. Symptoms related to arrhythmia such as palpitation, presyn-
cope and syncope occur at any age.

Fig. 9.2 Histology of dilated cardiomyopathy: This section shows myocyte morphology in dilated 
cardiomyopathy, individual myocytes showing hypertrophy with some vacuolation and enlarged, 
irregular hyperchormatic dark blue nuclei. Some myocytes are trapped in fibrous tissue [light 
pink]. Courtesy of Dr Margaret Burke, Harefield Hospital, London, UK
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9.5.6.2  Physical Examination
Multisystem examination is important in patients with DCM, as it may direct 
towards underlying aetiology. Examination of the neuromuscular system may reveal 
features of mild or subclinical skeletal myopathy and ophthalmological examina-
tion may identify pigmentary retinopathy in mitochondrial disorders. Features of 
low cardiac output include persistent sinus tachycardia, cool peripheries, weak 
peripheral pulses and, in advanced disease, hypotension. The jugular venous pres-
sure may be elevated. There may also be signs of respiratory distress, particularly in 
infants and younger children. Palpation of the precordium usually reveals a dis-
placed apical impulse. Hepatomegaly and ascites are common in patients with con-
gestive cardiac failure. Peripheral and sacral oedema may also be seen. Auscultation 
of the heart may reveal the presence of a third (and sometimes fourth) heart sound 
resulting in a gallop rhythm. There may be a pansystolic murmur at the apex radiat-
ing to the axilla caused by functional mitral regurgitation. Auscultation of the chest 
may also reveal basal crackles; infants may present with wheeze that is difficult to 
distinguish from asthma or bronchiolitis.

9.5.7  Natural History

The prognosis of DCM is variable and depends on the presentation and aetiology. 
Early survival studies suggested a mortality in symptomatic adults with idiopathic 
DCM approaching 25% at 1 year and 50% at 5 years [324]. More recent reports 
have shown better outcomes, with 5-year mortality rates of approximately 20%, 
perhaps reflecting earlier disease recognition and treatment, and advances in medi-
cal therapy. Most patients die of progressive congestive cardiac failure, but throm-
boembolism and sudden cardiac death are also important. In children, actuarial rates 
of freedom from death or transplantation range from 70 to 80% at 1 year and 55 to 
65% at 5 years [295, 325, 326], including patients with viral myocarditis. In the 
paediatric population, predictors of poor outcome include older age at diagnosis, 
reduced fractional shortening (expressed as a function of body surface area or age), 
congestive cardiac failure at presentation and familial, idiopathic or neuromuscular 
disease [295, 326].

9.5.8  Investigations

9.5.8.1  Electrocardiography
The 12-lead ECG in DCM may be normal, but can show sinus tachycardia and non- 
specific ST segment and T wave changes (usually in the inferior and lateral leads). 
In patients with extensive LV fibrosis, abnormal Q waves (particularly in the septal 
leads) may be present as may poor R wave progression in the precordial leads. 
Evidence of atrial enlargement and voltage criteria for ventricular hypertrophy 
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(usually left, but occasionally bilateral ventricular hypertrophy) is common. All 
degrees of atrioventricular block may be seen, and should raise the possibility of 
mutations in the lamin A/C gene. Supraventricular (particularly atrial fibrillation) 
and ventricular arrhythmias are common in DCM. Studies have shown a prevalence 
of non- sustained ventricular tachycardia in adults as high as 43% [327]; in the pedi-
atric population, ventricular tachycardia is less common, occurring in 9.5% of cases 
[328]. Prolonged QRS duration, particularly in the context of LBBB represents a 
degree of interventricular dysynchrony and suggests a role for biventricular pacing 
in the management of some DCM patients.

9.5.8.2  Echocardiography
In general, the presence of a LV end-diastolic dimension greater than two standard 
deviations above body surface area-corrected means (or greater than 112% of pre-
dicted dimension) and fractional shortening less than 25% (ejection fraction less 
than 55%) are sufficient to make the diagnosis of DCM [329–331]. The presence 
and severity of functional mitral (and tricuspid) regurgitation due to annular dilata-
tion can be assessed using colour flow Doppler. In addition, pulsed-wave and con-
tinuous wave Doppler can be used to estimate pulmonary artery systolic pressures. 
Although primarily regarded as a disease of impaired systolic LV function, patients 
with DCM also frequently have abnormalities of diastolic LV function. A restrictive 
physiology (grade 3 diastolic dysfunction) with raised atrial filling pressures is 
associated with higher mortality rates in DCM cohorts compared to those that have 
pseudonormal or impaired relaxation patterns of mitral inflow.

Echocardiography may identify regional wall motion abnormalities, which 
together with the clinical history may be used to assess the likelihood of ischaemic 
cardiomyopathy. Regional wall motion abnormalities can also occur in infiltrative 
and inflammatory causes of DCM such as sarcoidosis [323, 332]. Serial echocar-
diography over time can also provide an assessment of the progression or regression 
of LV dilatation and impairment on medical therapy.

9.5.8.3  Cardiac Biomarkers
Levels of serum creatine kinase should be measured in all patients with DCM, as 
this may provide important clues to the aetiology of the condition (elevated in 
patients with dystrophin and Lamin A/C mutations). Other cardiac biomarkers, such 
as Troponin I and Troponin T, may also be elevated in DCM. Plasma B-type natri-
uretic peptide levels are elevated in children and adults with chronic heart failure 
and predict survival, hospitalization rates and listing for cardiac transplantation 
[323, 333]. Worsening renal function in patients with advanced cardiac disease may 
suggest the onset of a cardio-renal syndrome and is a marker of poor outcome and 
need for advance heart failure therapies.

9.5.8.4  Exercise Testing
Symptom limited exercise testing combined with respiratory gas analysis is a useful 
technique to assess functional limitation and disease progression. Typically, patients 
with DCM have lower exercise duration, peak oxygen consumption and systolic blood 
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pressure at peak exercise than normal controls [334]. The detection of respiratory 
markers of severe lactic acidaemia during metabolic exercise testing can point towards 
mitochondrial or metabolic causes for the DCM. CPEX assessment is used in patients 
being considered for transplantation to assess their VO2 max and to ensure cardiac 
limitation to exercise. Outcomes of CPEX correlate with prognosis in DCM [335].

9.5.8.5  Cardiac Catheterization
Cardiac catheterization can be useful to exclude significant coronary arterial disease 
and to monitor pulmonary arterial pressures. Endomyocardial biopsy (EMB) is a 
useful adjunct in the investigation of some patients with DCM and may be diagnostic 
for myocarditis and for some metabolic or mitochondrial disorders [336]. EMB often 
identifies non-specific abnormalities such as interstitial fibrosis and increased nuclei 
with myocyte hypertrophy. Where patients are being evaluated for the aetiology of 
suspected chronic myocarditis then viral PCR can be used to look for persisting viral 
genome. International guidelines recommend that endomyocardial biopsy should be 
performed in the setting of new onset unexplained heart failure of less than 2 weeks 
duration with normal or enlarged left ventricular dimensions and hemodynamic 
compromise, or between 2 weeks and 3 months in the presence of left ventricular 
dilatation and ventricular arrhythmias or higher degree heart block [337].

9.5.8.6  Cardiac Magnetic Resonance Imaging
Cardiac magnetic resonance imaging is a useful alternative imaging technique in 
patients with poor echocardiographic windows and is the gold standard for measure-
ment of volumes and ventricular ejection fraction [323]. In addition, the detection of 
fibrosis with gadolinium contrast enhancement may provide an imaging-guided 
method to improve the diagnostic yield of endomyocardial biopsies [338]. Late gad-
olinium enhancement may be distributed at the RV insertion points and in a mid-wall 
pattern suggestive of underlying myopathic disease. Subepicardial LGE however, is 
more suggestive of myocarditis and together with T2-STIR mapping (reflecting 
oedema) may suggest active myocardial inflammation.

Serial cardiac MRI can be used to monitor for progression in the pattern or extent 
of fibrosis and to monitor resolution of myocardial inflammation. Early gadolinium 
enhancement sequences can also be used to look for and characterise LV thrombus.

9.5.8.7  Holter Analysis
Holter monitors may be used to look for evidence of atrial fibrillation or non- 
sustained VT.  Reduced heart rate variability in patients with DCM is associated 
with a worse prognosis.

9.5.9  Management

Therapy aims to improve symptoms and prevent disease progression and complica-
tions such as progressive cardiac failure, sudden cardiac death and thromboembo-
lism. Loop and thiazide diuretics are used in all heart failure patients with fluid 
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retention to achieve a euvolaemic state. However, they should not be used as mono-
therapy as they exacerbate neurohormonal activation, which may contribute to dis-
ease progression. Spironolactone, a specific aldosterone antagonist, reduces relative 
mortality by 30% in adults with severe heart failure (NYHA class IV and ejection 
fraction less than 35%) [339]. Side-effects include hyperkalaemia (although this is 
infrequent in the presence of normal renal function) and gynaecomastia. Epleronone, 
a drug with an identical mechanism of action can be used instead, particularly if 
gynaecomastia becomes a problem [340].

9.5.9.1  Angiotensin Converting Enzyme (ACE) Inhibitors 
and Angiotensin Receptor Blockers

Activation of the renin-angiotensin-aldosterone system is central to the pathophysi-
ology of heart failure, regardless of the underlying aetiology [329, 341]. Numerous 
randomised trials have shown that ACE inhibitors improve symptoms, reduce hos-
pitalisations and reduce cardiovascular mortality in adults with heart failure [342–
345]. They also reduce the rate of disease progression in asymptomatic patients. 
Most patients tolerate ACE inhibitors well. The most common side-effects are a dry 
cough and symptomatic hypotension (particularly following the initial dose), which 
can be prevented with careful dose uptitration.

Angiotensin receptor blockers block the cell surface receptor for angiotensin II, 
and have similar haemodynamic effects to ACE inhibitors but with a better side- 
effect profile. Angiotensin receptor blockers are currently recommended in adults 
who do not tolerate ACE inhibitors [346–349].

9.5.9.2  β-Blockers
Excess sympathetic activity contributes to heart failure, and multicentred, placebo 
controlled trials, using carvedilol [350–352], metoprolol [353] and bisoprolol [354] 
have shown substantial reductions in mortality (from sudden death and progressive 
heart failure) in adults with predominantly NYHA class II and III heart failure 
symptoms. β-blockers are usually well tolerated; side-effects include bradycardia, 
hypotension and fatigue.

9.5.9.3  Digoxin
Digoxin improves symptoms in patients with heart failure [355], but no survival 
benefit has been demonstrated in large study cohorts [341]. Supra-therapeutic serum 
digoxin levels may be associated with increased mortality in some patients [356]. 
Although digoxin is still widely used to treat heart failure in infants and children, 
there remains limited data on its efficacy in paediatric populations [357].

9.5.9.4  Ivabradine
Ivabradine is a negative chronotrope and a selective inhibitor of the If channel 
located in the sino-atrial node. In one randomized, placebo-controlled trial in 
patients with impaired LV systolic function, ivabradine therapy was associated with 
a reduction in hospital admission and mortality from heart failure [358]. Ivabradine 
can be used alone or in conjunction with beta-blockers, in particular if beta-blocker 
dose uptitration is limited by hypotension.
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9.5.9.5  Entresto (Sacubitril/Valsartan)
Entresto is a combination drug that provides combined inhibition of the renin- 
angiotensin- aldosterone (RAAS) system (valsartan) and of neprilysin (sacubitril). 
This results in an increase of vasoactive natriuretic peptides and increases natriure-
sis, aldosterone suppression, vasodilation and inhibition of fibrosis. A single multi- 
centred, randomized controlled trial (PARADIGM-HF) demonstrated that Entresto 
is superior to ACE inhibition alone in individuals with chronic heart failure [359]. 
There is limited knowledge on whether these results are transferable to patients with 
idiopathic or familial dilated cardiomyopathy as the majority of patients (60%) 
recruited into this study had ischaemic cardiomyopathy.

9.5.9.6  Anticoagulation
The annual risk of thromboembolism in patients with dilated cardiomyopathy is 
between 1.5–3.5% per year [360]. Anticoagulation with warfarin is advised in 
patients in whom an intracardiac thrombus is identified echocardiographically and 
in those with a history of thromboembolism or atrial fibrillation. There is no trial 
data to recommend prophylactic anticoagulation in DCM [361], but some patients 
with severe ventricular dilatation and moderate to severe LV systolic impairment 
may benefit from empirical warfarin therapy [362].

9.5.9.7  Treatment of Arrhythmia in DCM
The overall risk of sudden cardiac death in DCM is low in patients receiving optimal 
medical therapy but individuals with some sub-types of disease, for example caused 
by LMNA and FLNC mutations, are more prone to ventricular arrhythmia. Whilst 
the indications for secondary prevention ICD in DCM, are unequivocal in survivors 
of aborted SCD or patients presenting with haemodynamically unstable sustained 
VT, the role of a primary prevention ICD in DCM is less clear. The pivitol Sudden 
Cardiac Death in Heart Failure Trial (SCD-HeFT), showed no survival benefit of 
amiodarone therapy (compared with a 23% reduction in overall mortality with 
implantable cardioverter-defibrillator implantation) [363]. Similar findings were 
demonstrated in the recent multi-centred, randomized controlled DANISH trial 
(Defibrillator implantation in Patients with Nonischemic Systolic Heart Failure); 
which demonstrated that ICD implantation was not associated with an overall sur-
vival benefit in terms of all-cause mortality or cardiovascular mortality in patients 
with nonischemic cardiomyopathy although there was a significant reduction in the 
incidence of sudden cardiac death in those that received ICD. Sub-group analysis 
also identified that all-cause mortality was also reduced in the ICD cohort in patients 
below the age of 59 years [364].

AF is the commonest sustained rhythm abnormality in patients with heart failure 
[365]. In a previous single centred study of patients with idiopathic DCM, 5.7% of 
patients developed AF on long-term follow-up (90 ± 58 months). Dilated left atrium 
and a lower LV ejection fraction were predictors of new onset AF with those devel-
oping AF having a higher rate of mortality or cardiac transplantation compared to 
those that remained in sinus rhythm over the follow-up duration [366].
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9.5.9.8  Non-pharmacological Treatment of Advanced DCM
Cardiac transplantation remains the mainstay of management of children and adults 
with intractable heart failure symptoms and end stage disease. However, its use is 
limited by a shortage of donor organs and the development of graft vasculopathy. 
Therefore, a number of other approaches aimed at improving symptoms and stabi-
lizing the disease or delaying transplantation have emerged. In some cases, mechan-
ical assist devices, such as left ventricular assist devices (LVAD), the Berlin heart, 
or extracorporeal membrane oxygenation (ECMO) may be required [367–369]. 
Studies in children have shown good results with aggressive management of end- 
stage dilated cardiomyopathy, including bridging to recovery [370].

9.5.9.9  Cardiac Resynchronisation Therapy (CRT)
Many patients with DCM have abnormal LV activation that in turn results in pro-
longed and incoordinate ventricular relaxation. Cardiac resynchronization therapy 
(biventricular or multisite pacing) attempts to re-establish synchronous atrioven-
tricular, interventricular and intraventricular contraction to maximize ventricular 
efficiency. Studies in adults with severe heart failure and left bundle branch block 
have shown marked symptomatic improvement [371], and reduced mortality from 
heart failure or sudden death [372–374]. DCM is a predictor of positive response to 
cardiac resynchronization. Patients with DCM have a greater improvement in LV 
systolic function and improved reverse remodelling with reduction in LV end- 
diastolic volumes than patients with ischaemic cardiomyopathy after CRT implan-
tation [375].

9.5.10  Prognosis

DCM is a heterogeneous group of disorders and so prognosis is difficult to character-
ise for a particular group of patients. Generally, prognosis is worse for those that have 
an ongoing damaging stimulus to the heart such as ongoing persistence of myocar-
dial inflammation or ongoing ethanol abuse. A subgroup of patients, despite being on 
optimal medical therapy will continue to progress to end-stage heart failure and car-
diogenic shock requiring LVAD support or cardiac transplantation for survival.

9.5.11  Summary and Key Points

Dilated cardiomyopathy is characterised by the presence of left ventricular dilata-
tion and systolic dysfunction (Box 13.2). Despite a thorough search for underlying 
aetiology, most cases remain idiopathic. As genetic causes account for a significant 
proportion of individuals, a detailed family pedigree and potential familial screen-
ing to identify other individuals at-risk is important. Advances in pharmacological, 
device and advanced heart failure therapy have improved survival and quality of 
life, but the prognosis in many cases remains poor. Novel pharmacological and 
device therapies may provide further improvements in long-term outcome.
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Key Points
• Most cases of dilated cardiomyopathy are idiopathic
• Familial disease occurs in up to 35% of individuals
• Inheritance can be autosomal dominant, autosomal recessive, X-linked or 

mitochondrial
• Genes implicated in familial disease include myocardial cytoskeletal, sarcomere 

protein and nuclear envelope genes
• Advances in pharmacologic and non-pharmacologic therapy have improved sur-

vival and quality of life, but the prognosis in many cases remains poor

9.6  Restrictive Cardiomyopathy

Restrictive cardiomyopathy (RCM) is characterised by an abnormal pattern of ven-
tricular filling in which increased myocardial stiffness causes a precipitous incre-
ment in ventricular pressure with only small increases in ventricular volume in the 
presence of normal or reduced diastolic volumes of one or both ventricles, normal 
or reduced systolic volumes and normal ventricular wall thickness [1]. Restrictive 
ventricular physiology can also occur in HCM and DCM. RCM is the least common 
of all the cardiomyopathies.

9.6.1  Etiology

Restrictive cardiomyopathy is associated with several conditions (Table 9.3), includ-
ing infiltrative and storage disorders, familial and endomyocardial disease [376]. In 
adults, RCM is most commonly caused by cardiac amyloidosis in the Western 
world, while in the tropics, endomyocardial fibrosis is the commonest cause in 

Table 9.3 Classification and etiology of restrictive cardiomyopathy

Familial Non-familial
Familial, unknown gene
Sarcomeric protein mutations:
  • Troponin I (RCM ± HCM)
  • Essential light chain of myosin
Familial Amyloidosis
  • Transthyretin (RCM + neuropathy)
  • Apolipoprotein (RCM + nephropathy)
Desminopathy (desmin gene mutation)—
associated with skeletal myopathy
Pseudoxanthoma elasticum
Hereditary Haemochromatosis
Anderson-Fabry disease
Glycogen storage disease

Amyloid (AL/TTR)
Scleroderma
Endomyocardial fibrosis
  • Hypereosinophilic syndrome
  • Idiopathic
  •  Drugs: (serotonin, methysergide, 

ergotamine, mercurial agents, busulfan)
Carcinoid heart disease
Metastatic cancers
Radiation
Drugs: Anthracycline

Data from Elliott et al. (2008) “Classification of the cardiomyopathies: a position statement from 
the European Society of Cardiology working group on myocardial and pericardial diseases” Eur 
Heart J 29, 270–276
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adults and probably also in children [376]. Outside of the tropics, most cases of 
RCM in children are idiopathic [376].

9.6.1.1  Idiopathic Restrictive Cardiomyopathy
Many cases of RCM in adults, and the majority in children, remain idiopathic. 
Familial disease is described in approximately 30% of patients with RCM [377]. 
Little is known about the role of genetic mutations in idiopathic RCM due to the rar-
ity of the condition, as well as because most studies to date have only included small 
patient cohorts undergoing limited genetic panels. Autosomal dominant, autosomal 
recessive, X-linked and matrilinear patterns of inheritance have been demonstrated.

Mutations in cardiac sarcomere genes have been implicated in the pathogenesis of 
RCM with one study identifying mutations in the cardiac troponin I gene in over 
50% of adults with idiopathic restrictive cardiomyopathy [378]. Subsequently, muta-
tions in β-myosin heavy chain gene were identified in adults with familial HCM with 
a restrictive phenotype and little or no hypertrophy. An I79N mutation in the TNNT2 
gene has been shown to be accountable for divergent phenotypes of RCM, HCM and 
DCM within the same family [379].

In a recent study of 32 probands with end-stage idiopathic RCM, a pathogenic 
mutation was identified in 60% of cases; involving MYH7, DES, FLNC, MYBPC3, 
LMNA, TCAP, TNNI3, TNNT2, TPM1 and LAMP2 genes [380]. Another study involv-
ing next-generation sequencing of 24 patients with idiopathic RCM, identified patho-
genic or likely-pathogenic variants in 54% with mutations occurring in genes encoding 
sarcomeric, cystoskeletal and Z-disk associated proteins [381].

In children with idiopathic RCM, mutations in the genes encoding troponin I, 
troponin T, α-cardiac actin and β-myosin heavy chain have also been reported [378, 
382–384].

Mutations in the gene encoding desmin (an intermediate filament protein with 
key structural and functional roles within skeletal and cardiac myocyte myofibrils) 
causes RCM associated with skeletal myopathy and cardiac conduction system 
abnormalities [385]. Desmin mutations are inherited in an autosomal dominant 
manner, but sporadic mutations are not infrequent [385]. The presence of a desmin 
mutation should lower the threshold for consideration for prophylactic defibrillator 
implantation, particularly in the presence of conduction disease [386].

The finding that mutations in sarcomere protein genes cause restrictive cardio-
myopathy has provided new insights into the pathophysiology of restrictive left 
ventricular physiology. In vitro studies have suggested that troponin I mutations that 
cause RCM have a greater increase in calcium ion sensitivity than those that cause 
HCM, resulting in more severe diastolic dysfunction and potentially accounting for 
the restrictive phenotype in humans [387, 388]. In addition, the hearts of troponin 
I-mutated transgenic mice show increased contractility and impaired relaxation 
[389]. Similar findings have been observed in mice with disease-causing alpha- 
myosin heavy chain mutations [55]. These results suggest that altered calcium sen-
sitivity may play a role in the development of RCM. However, the fact that the same 
mutation within the same family can result in both restrictive and hypertrophic 
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phenotypes suggests that other genetic and environmental factors are likely to also 
be involved in the pathogenesis of restrictive cardiomyopathy [390].

9.6.1.2  Endomyocardial Fibrosis and Eosinophilic Cardiomyopathy
Restrictive ventricular physiology can be caused by endocardial pathology (fibrosis, 
fibroelastosis and thrombosis). These disorders are sub-classified according the pres-
ence of eosinophilia into endomyocardial diseases with hypereosinophilia (hypereo-
sinophilic syndromes (HES)) and endomyocardial disease without hypereosinophilia 
(e.g. endomyocardial fibrosis). Parasitic infection, drugs such as methysergide, 
inflammatory and nutritional factors are implicated in acquired forms of endomyo-
cardial fibrosis.

The acute variant of eosinophilic cardiomyopathy is known as Loffler’s endocar-
ditis whereas the chronic variant is known as endomyocardial fibrosis. In Loffler’s 
endocarditis, there is an acute inflammatory process and eosinophilia which results 
in myocardial tissue infiltration classically involving one or both ventricular apex, 
chordae tendinae and ventricular inflow tract. This results in valvular regurgitation 
and impaired diastolic filling.

Endomyocardial fibrosis onset is usually insidious, with progressive biventricu-
lar failure in most cases. The overall prognosis is poor, with a 44% mortality rate at 
1 year, increasing to nearly 90% at 3 years [391]. Typically, fibrous endocardial 
lesions in the right and/or left ventricular inflow tract cause incompetence of the 
atrioventricular valves leading to pulmonary congestion and right heart failure. 
Endomyocardial fibrosis involves both ventricles in the majority of cases but there 
are variants in which only the LV (40%) or only the RV (10%) is involved. Patients 
with endomyocardial fibrosis may remain stable with chronic symptoms for decades 
prior to a rapid decline.

9.6.2  Pathology

The macroscopic features of restrictive cardiomyopathy include biatrial dilata-
tion in the presence of normal heart weight, a small ventricular cavity and no 
left ventricular hypertrophy. However, the morphologic spectrum of primary 
restrictive cardiomyopathy includes mild ventricular hypertrophy with increased 
heart weight and mild ventricular dilatation without hypertrophy [392]. In many 
hearts, there is thrombus in the atrial appendages and patchy endocardial fibro-
sis [376].

The histological features of idiopathic restrictive cardiomyopathy are classically 
non-specific with patchy interstitial fibrosis, which may range in extent from very 
mild to severe [376]. There may also be fibrosis of the sinoatrial and atrioventricular 
nodes [393]. Myocyte disarray is not uncommon in patients with pure restrictive 
cardiomyopathy, even in the absence of macroscopic ventricular hypertrophy [392]. 
In patients with infiltrative and metabolic cardiomyopathies, there will be specific 
findings appropriate to the disorder [322].
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9.6.3  Clinical Features

9.6.3.1  Symptoms
The presentation of restrictive cardiomyopathy is usually with symptoms and signs 
of cardiac failure and arrhythmia. In children, disease progression is rapid, with 
over 50% of children dying within 2 years of diagnosis and most children requiring 
cardiac transplantation within 4 years [394, 395]. The presentation and natural his-
tory in adults is more variable. Common symptoms include dyspnoea on exertion, 
recurrent respiratory tract infections, and general fatigue and weakness. This may 
progress rapidly to dyspnoea at rest, orthopnoea and paroxysmal nocturnal dys-
pnoea. Symptoms related to increased right-sided pressures may include peripheral 
oedema and abdominal distension due to ascites. Many patients complain of chest 
pain and symptoms suggestive of arrhythmia such as palpitation. Syncope is a pre-
senting symptom in 10% of children with restrictive cardiomyopathy [396, 397]. 
Rarely, sudden death may be the initial manifestation of the disease.

9.6.3.2  Physical Examination
Clinical examination typically reveals signs of left and right-sided cardiac failure. 
Tachypnoea, signs of respiratory distress and failure to thrive are seen in infants and 
young children. In older children and adults, the jugular venous pressure is elevated, 
with a prominent y descent, and a JVP that fails to fall (or may even rise) during inspi-
ration (Kussmaul’s sign). Peripheral oedema, ascites and hepatomegaly are common. 
The apical impulse is usually normal. Cardiac auscultation reveals a normal first heart 
sound and normal splitting of the second heart sound. The pulmonary component of 
the second heart sound may be loud, if pulmonary vascular resistance is high. There is 
usually a third heart sound (and occasionally a fourth heart sound) giving rise to a gal-
lop rhythm. The murmurs of atrioventricular valve regurgitation may be heard.

Depending on the aetiology of the restrictive cardiomyopathy, other clinical 
signs may be elicited such as conjunctival pallor, petechiae, skin bruising and carpal 
tunnel syndrome in some patients with amyloidosis [134, 398]. Skin pigmentation 
and peripheral arthropathy may be found in patients with underlying haemochroma-
tosis and cardiac MRI can be used to assess iron loading and monitor response to 
therapy. A peripheral subtle skeletal muscle phenotype such as weakness may be 
found in patients with desmin mutations.

9.6.4  Investigations

9.6.4.1  Electrocardiography
The resting 12-lead electrocardiogram is abnormal in most patients with restrictive 
cardiomyopathy. The most frequent abnormalities include p-mitrale and 
p- pulmonale, non-specific ST segment and T wave abnormalities, ST segment 
depression and T wave inversion, usually in the inferolateral leads. Voltage criteria 
for left and right ventricular hypertrophy may also be present, although in patients 
with amyloidosis, low voltage QRS complexes are seen despite the presence of 
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LVH.  Conduction abnormalities, including intraventricular conduction delay, AV 
block, poor R wave progression in the anterior precordial leads and abnormal Q 
waves may also be seen. In RCM, due to elevated LA pressures and LA dilatation, 
there is a higher incidence of AF, which may be seen on the ECG. Sarcoidosis may 
present with AV block [332]. Desmin mutations are also associated with AV block.

9.6.4.2  Echocardiography
Typically, there is marked dilatation of both atria, often dwarfing the size of the 
ventricles, in the presence of normal or mildly reduced systolic function, and a non- 
hypertrophied, non-dilated left ventricle. In children, severe impairment of left ven-
tricular systolic function (fractional shortening less than 25%) may develop in as 
many as 30% of cases [396, 399–401]. Many patients with a clinical label of restric-
tive cardiomyopathy also have mild left ventricular hypertrophy [396, 399–402], 
which may represent part of the spectrum of sarcomere protein disease.

The pattern of mitral inflow pulsed-wave Doppler velocities in restrictive cardio-
myopathy is typically one of increased early diastolic filling velocity, decreased atrial 
filling velocity, an increased ratio of early diastolic filling to atrial filling, a decreased 
E wave deceleration time, and a decreased isovolumic relaxation time. Pulmonary 
vein and hepatic vein pulsed-wave Doppler velocities demonstrate higher diastolic 
than systolic velocities, increased atrial reversal velocities, and an atrial reversal 
duration greater than mitral atrial filling duration. Tissue Doppler imaging shows 
reduced diastolic annular velocities, and an increased ratio of early diastolic tissue 
Doppler annular velocity to mitral early diastolic filling velocity, reflecting elevated 
left ventricular end-diastolic pressures.

9.6.4.3  Cardiopulmonary Exercise Testing
Symptom-limited exercise testing with respiratory gas analysis provides a useful 
objective measure of exercise limitation, which can help in symptom management 
and is an important component of the pre-transplantation assessment. Peak oxygen 
consumption is usually reduced. Exercise testing may also reveal ischaemic electro-
cardiographic changes at higher heart rates, which may correlate with symptoms 
such as chest pain in children [377, 397].

9.6.4.4  Cardiac Catheterization
The characteristic hemodynamic feature on cardiac catheterization is a deep and rapid 
early decline in ventricular pressure at the onset of diastole, with a rapid rise to a pla-
teau in early diastole, the so-called dip-and-plateau or square root sign [376]. Left 
ventricular end-diastolic, left atrial and pulmonary capillary wedge pressures are 
markedly elevated, and usually 5 mmHg or more greater than right atrial and right 
ventricular end-diastolic pressures. Volume loading and exercise accentuate the differ-
ence between left and right-sided pressures. Cardiac catheterisation is also useful to 
differentiate constrictive pericarditis from restrictive cardiomyopathy where there is a 
discordance in diastolic ventricular pressures between the LV and RV in RCM com-
pared to constrictive pericarditis where there is a concordance. Apical obliteration 
may be demonstrated on LV/RV angiography or on 2-D echocardiography.
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In children, pulmonary hypertension is frequently present during initial cardiac 
catheterisation. Elevated pulmonary vascular resistance indices are commonly 
found, and tend to progress during follow-up [394, 401, 403]. Elevated pulmonary 
vascular resistance may initially be reversible with nitric oxide or prostacyclin [394, 
403], but it is usually not possible to predict the development of fixed pulmonary 
vascular resistance [401].

9.6.5  Management

9.6.5.1  Symptomatic Therapy
Diuretics are useful in patients with symptoms and signs of pulmonary or systemic 
venous congestion. Over-diuresis, however should be avoided as it may result in 
excessive preload reduction and haemodynamic collapse. Careful fluid manage-
ment is an important aspect of the treatment of patients with restrictive cardiomy-
opathy. In view of atrial enlargement and propensity to atrial arrhythmia, prophylactic 
anticoagulation with warfarin or antiplatelet agents is recommended. As the atrial 
contribution to ventricular filling in patients with restrictive cardiomyopathy is 
important, efforts to maintain sinus rhythm with ß-blockers and amiodarone may be 
appropriate. Treatment with afterload-reducing agents, such as angiotensin- 
converting enzyme inhibitors, calcium channel blockers and nitrates rarely improves 
symptoms and can cause deterioration [404]. In patients with atrial dysrhythmias, 
control of ventricular rate is important and digoxin may play a role in ventricular 
rate control as do the other negative chronotropes.

9.6.5.2  Optimisation of Haemodynamics Prior to Transplantation
Transplantation is the only definitive treatment for children with restrictive cardio-
myopathy, and for adults with advanced disease that is unresponsive to medical 
therapy. In children, whilst fixed, irreversible elevations in pulmonary vascular 
resistance preclude orthotopic cardiac transplantation [401], short-term pre- 
transplantation treatment with prostacyclin has been shown to reduce transpulmo-
nary gradients sufficiently to allow orthotopic heart transplantation in most children 
with restrictive cardiomyopathy [394]. Patients should undergo serial holter moni-
toring; implantable cardioverter-defibrillators may be offered to patients with evi-
dence of ventricular arrhythmia as a bridge to transplantation.

9.6.6  Summary and Key Points

Restrictive cardiomyopathy (RCM) is uncommon but a large proportion of cases 
may be familial due to diverse genetic aetiology. Adequate symptom control fre-
quently requires diuretic therapy. Patients are closely monitored for raised pulmo-
nary arterial pressures which may prompt referral for advanced heart failure 
strategies. Prognosis is variable but in particular, poor in infants and children, where 
cardiac transplantation may be helpful.
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Key Points
• Restrictive cardiomyopathy is the rarest of the cardiomyopathies
• Most cases are idiopathic
• Familial disease is recognised in up to 50% of individuals with idiopathic restric-

tive cardiomyopathy
• Genes implicated in idiopathic restrictive cardiomyopathy include sarcomere 

protein genes and desmin
• Other causes include infiltrative and storage disorders
• Prognosis is poor, especially in infants and children, in whom transplantation is 

usually the only therapeutic option.
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Abstract
Dilated cardiomyopathy (DCM) is a chronic primary heart muscle disease 
defined by “the presence of unexplained dilatation and systolic impairment of 
the left or both ventricles”. It represents the end-phenotype of heart muscle 
damage induced by different genetic (>100 known disease genes) and non-
genetic causes (inflammatory, toxic, and immune-mediated). In familial genetic 
DCM, the most common inheritance is autosomal dominant irrespective of the 
possible complex genetics (> than one mutation) identifiable with the modern 
massive parallel sequencing of multi-gene panels. The precise diagnosis (iden-
tification of the cause) starts with clinical hypothesis that should be generated 
on the basis of deep phenotyping of the proband and relatives, clinical history 
and pathology investigations. Genetic tests in probands and cascade family 
screening in clinically phenotyped families provide the basis for segregation 
studies that are major contributors to the assignment of a causative role of muta-
tions in families.
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10.1  Introduction

Dilated cardiomyopathy (DCM) is a chronic primary heart muscle disease defined 
by “the presence of unexplained dilatation and systolic impairment of the left or 
both ventricles”. It represents the end-phenotype of heart muscle damage induced 
by different genetic and non-genetic causes. Genetic causes are heterogeneous with 
more that 100 disease genes described to date as possible cause of DCM phenotype. 
Non genetic-DCM includes inflammatory, autoimmune and toxic causes. The diag-
nosis of genetic DCM should be preceded by clinical screening of families to assess 
the inherited vs. the sporadic status of the disease; in genotyped families, these data 
constitute the basis for genotype—phenotype correlation and segregation studies. 
The precise diagnosis of DCM coincides with the identification of the cause of the 
disease, either genetic or non-genetic. This chapter illustrates cases with familial 
and apparently sporadic DCM in which genetic testing provided the precise specific 
diagnosis (pathologic mutation) or genetic make-up of uncertain significance. Each 
example gives clues and considerations that can be easily translated in the clinical 
practice. The major message from family studies is clinical: family screening pro-
vides the evidence of genetic disease, both presymptomatic and clinically manifest, 
and in genotyped families, the possibility of preclinical and prenatal diagnosis.

10.2  Dilated Cardiomyopathy-Basic Facts

10.2.1  Definition

Current definitions of Dilated cardiomyopathy (DCM) are based on morpho- 
functional phenotypic criteria. DCM is a chronic primary heart muscle disease 
defined by “the presence of unexplained dilatation and systolic impairment of the 
left or both ventricles” according to the European Society of Cardiology, (ESC) [1] 
and “by ventricular chamber enlargement and systolic dysfunction with normal LV 
wall thickness” according to the American Heart Association (AHA) [2]. The last 
statement of the AHA defines DCM as a spectrum of heterogeneous myocardial 
disorders that are characterized by ventricular dilation and depressed myocardial 
performance in the absence of hypertension, valvular, congenital, or ischemic heart 
disease [3].

DCM represents the end-phenotype of heart muscle damage induced by different 
causes. Intermediate or early phenotypes are characterized by borderline but persis-
tent LV (Left Ventricular) dilation and/or mild LV dysfunction and may present with 
arrhythmias and/or conduction disease; a recent position statement of the ESC 
Working Group on Myocardial and Pericardial Diseases introduced the Non Dilated 
Hypokinetic Cardiomyopathy (NDHC) to better describe affected family members 
recognized by family screening in the early phases of the disease [4]. Pre-clinical 
diagnoses are feasible in genotyped familial DCM when a phenotypically healthy 
member is carrier of the mutation that is proven to cause the disease in the family. 
More than 60% of DCMs are familial diseases with identifiable genetic defects [5]. 
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Acquired disorders manifesting with the DCM phenotype (DCM phenocopies) are 
sporadic and categorized as non-genetic DCM. This distinction separates genetic 
DCM from acquired, non-genetic, and potentially reversible phenotypes that are 
induced by protean causes (infectious, autoimmune/immune-mediated, toxic) and is 
clinically useful because treatments for acquired DCM may differ from those for 
familial DCM. Therefore DCM can be grouped mechanistically as genetic and non- 
genetic. This chapter illustrates cases with familial and apparently sporadic DCM in 
which genetic testing provided either the precise specific diagnosis (pathologic 
mutation) or a genetic make-up of uncertain significance. Each example gives clues 
and considerations that can be easily translated in the clinical practice.

10.2.2  Epidemiology

Epidemiology data are old and have been achieved on the basis of the phenotypes. 
They date back the pre-genetic era: incidence is estimated in 6.0 per 100000 person- 
years and prevalence is 36.5 in 100000 (about 1:2500) [6]. Early diagnoses, system-
atic family screening, genetic testing, and advanced diagnostics for non-genetic 
DCM are expected to provide new epidemiology estimates in the short term [7–14]. 
In a near future genetic epidemiology will integrate with the phenotype-based epi-
demiology: when the DCM phenotype will be integrated with the aetiology, as fea-
sible by the novel MOGE(S) nosology [15], the prevalence data of each subtype of 
DCM will fall under the threshold prevalence of rare diseases (<1:2000): this is 
anticipated by the genetic heterogeneity, with more than 100 disease and candidate 
genes identified to date in familial DCM [16]. Cardio-laminopathies are considered 
a paradigmatic and replicated example [17].

10.2.3  Diagnostic Work-Up

The following work-up applies to all cases of DCM and is structured on the basis 
of indications of recent guidelines and recommendations of Scientific Societies 
[1, 18, 19].

DCM clinically manifests with systolic heart failure (HF). Presenting symptoms 
are often non-specific and includes palpitations, fatigue, breathlessness, and signs of 
congestion/fluid retention [1]. The diagnosis is based on left ventricular systolic dys-
function (impaired LV ejection fraction measured using 2D echocardiography) and 
LV dilatation (as defined by Z score > 2 standard deviations) for LV end- diastolic 
volumes or diameters. Coronary arteries are usually angiographically patent [1, 2]: 
flow-limiting luminal stenosis in one or more epicardial coronary arteries can exists 
concurrently and be demonstrated in genetic DCM [20]. Cardiac magnetic resonance 
(CMR) helps to confirm the diagnosis, adds information on the type and extent of 
myocardial fibrosis when present [21] and contributes to the evaluation of the tra-
becular anatomy. Three-dimensional echocardiography can add information on valve 
anatomy and LV remodelling [22]. Contrast echocardiography increases accuracy to 
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2D and 3D volume assessment and highlights trabecular anatomy; it may help when 
the image quality is suboptimal [23]. Myocardial deformation imaging techniques 
[24] or myocardial tagging by CMR can diagnose “early” DCM [25].

10.2.4  Familial Dilated Cardiomyopathy

The DCM is “familial” (FDCM) when two or more members of the same family are 
affected [1, 18]. The phenotype characterization of the proband requires the explo-
ration of the cardiovascular system as well as the musculoskeletal, ocular, cutane-
ous, auditory and nervous system [19] because different extra-cardiac traits may 
occur and characterize DCM caused by defects of the different genes. Each DCM 
should be considered a potential genetic disease: genetic counselling with pedigree 
construction and collection of the clinical history of relatives provide a first evalua-
tion of the family context [18]. The key action is clinical family screening, irrespec-
tive of genetic testing. The screening recapitulates the work-up in probands: physical 
examination, electrocardiography (ECG), transthoracic echocardiography (TTE), 
and biochemical testing, followed by regular monitoring of relatives. After comple-
tion of the family screening, the genetic or sporadic origin of the disease is clinically 
established at baseline and provides information on the pattern of inheritance, which 
is, by itself, one of the contributors for a pre-genetic test hypothesis. Data collected 
from family screening are fundamental for geno-phenotype segregation studies 
after completion of genetic testing in the family [5].

Members of families with genetic DCM can be affected, with or without symp-
toms, or manifest early signs of LV remodelling and/or borderline dysfunction [1, 
4] or demonstrate (1) electrocardiographic abnormalities [such as conduction dis-
ease; short PR interval/Wolff-Parkinson-White; prolonged QT interval; T wave 
abnormalities; early repolarization; abnormal high or low voltages of the QRS]; (2) 
increased biochemical markers such as serum creatine phosphokinase (sCPK) or 
lactic acid; (3) extra-cardiac traits such as skeletal muscle disease, auditory defects, 
ocular abnormalities, gastrointestinal disturbances, renal disease, cutaneous lesions, 
cognitive impairment, abnormal faces or cryptogenic stroke, can be associated with 
DCM caused by different disease genes [19]. These traits may occur in probands as 
well as in relatives. In sporadic DCM relatives are asymptomatic and show normal 
instrumental features [1, 18, 19].

Monitoring of family members and long-term follow-up provide useful data for 
the diagnosis of familial disease when one or more family members are unaffected 
at the first family screening but develop the disease later on in the course of their 
life. Clinical monitoring further provides reliable data on the natural history of the 
disease [9, 12]. Therefore clinical family screening and re-screening (or monitor-
ing) are integral and indispensable for the diagnosis of FDCM [18, 19].

Genetic heterogeneity characterizes DCM: more than 100 genes are now 
included in the list of disease and candidate genes [16]. Disease genes code for dif-
ferent proteins active in structural and functional pathways of the cardiac myocytes 
and include sarcomeric, nuclear envelope, Z-disk, intermediate filaments, 
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mitochondrial proteins, sarcolemmal proteins, ion channels and proteins of the 
Golgi apparatus and sarcoplasmic reticulum [4, 26]. The mechanisms through 
which mutations in different genes cause similar functional and structural cardiac 
end- phenotype depends on the gene and the role of its product in the myocyte, type 
of mutation and its effects on the protein expression, epistatic and epigenetic fac-
tors. Haploinsufficiency is a common mechanism in dilated cardiolaminopathies 
and dilated cardiodystrophinopathies [27–30]. Same genes and mutations may be 
associated with different cardiomyopathy phenotypes in members of same families: 
hypertrophic cardiomyopathy (HCM), restrictive cardiomyopathy (RCM) and 
arrhythmogenic right ventricular cardiomyopathy (ARVC). The paradigmatic 
example is DCM caused by mutations in sarcomeric genes such as MYH7 [31].

Genetic testing is currently performed using massive parallel sequencing of multi-
gene panels (Next Generation Sequencing, NGS) for both nuclear [32] and MtDNA 
[33] genes. NGS technologies are faster and cheaper than Sanger-based technologies. 
Of the large number of known disease and candidate genes for DCM, some are con-
firmed as disease genes (i.e. LMNA, DYS, EMD, PLN, and sarcomere genes) and are 
now systematically tested in probands/index patients. Other less common genes are 
still provisional and described in unique or few families. Interpretation of genetic test-
ing is the challenge of the next decade: when testing hundreds of genes including 
giant genes such as Titin (TTN), complex genes such as Duchenne Muscle Dystrophy 
(DMD) and Obscurin, the probability of finding more than one mutation/individual 
increases [5, 34]. Further developments are needed to generate efficient tools for 
exploring the functional effects and pathologic role of novel mutations, especially 
when considering that most heritable DCM are Mendelian diseases transmitted 
through an autosomal dominant mode, a rule that does not change in families in which 
more than one mutation is identified. This implies that one major (or leading) muta-
tion, or two mutations co-inherited from the same parent, plays a causative role, with 
other variants potentially acting as phenotype modifiers. Misinterpretation of the role 
of the mutation in the pathogenesis of the DCM may have severe implications for the 
patient and family, especially when procreative plans include prenatal diagnosis.

At present, genetic defects are identified in about 60% of FDCM: additional 
disease genes will be added to this list in the near future.

The interpretation of the results of NGS-based genetic tests requires bioinformat-
ics pipelines: from raw data that include thousands of genetic variants/patient, the 
analysis ends with one or a few probable or possible disease mutation(s). The 
genetic variants can be known and proven to be the cause of the disease, or novel, 
thus requiring demonstration of their pathogenicity. This means that their effects 
should be confirmed by functional and pathologic studies in either endomyocardial 
biopsy (EMB) or by in vitro studies on fibroblasts or induced Pluripotent Stem Cells 
-derived(iPSC-derived) myocytes obtained form skin fibroblasts or circulating cells 
of patients who carry the mutation. Segregation studies in families (mutated family 
members are affected and non-mutated are non-affected) are uniquely important 
[35]. This latter proof of evidence may require follow-up studies because the segre-
gation may not appear evident at baseline family screening. Table 10.1 summarizes 
the phases of the diagnostic genetic work-up in cardiomyopathies.
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Table 10.1 Criteria and tools for the definition of pathogenic mutations

Steps Criteria Information/data

Examples and contributions 
of the different tools 
supporting interpretation of 
the genetic variants/
mutations identified in DCM

Mutation 
types, 
protein 
expression 
and 
predicting 
in silico 
tools

Non-synonymous 
genetic
mutations/variants

Type of mutation
•  Missense (up to 80% of all 

genetic DCM, except 
DMD)

• In-frame ins-del
• Nonsense
• Frameshift
• Splice site
•  Large gene rearrangements

The prevalence of the 
different types of mutations 
differs: e.g.
•  most mutations in LMNA 

are missense;
•  most mutations in MYH7 

are missense;
•  most mutations in 

MYBPC3 are frameshift, 
nonsense or splice-site;

•  most mutations in DMD 
are large rearrangements 
(in-frame or out-of- frame 
deletions);

Synonymous genetic 
variants
introducing cryptic 
splice sites

Some genetic variant may 
introduce cryptic splice sites; 
the abnormal splicing may 
affect the structure of the 
mutated protein

e.g. p.(Lys171Lys) and p.
(Gly608Gly) LMNA 
mutations

Protein expression in 
target tissue

The candidate protein (gene) 
is expressed in the 
myocardium

The gene is expressed 
(including isoforms: e.g. 
DMD, LDB3) in the cardiac 
myocytes

Mutated residues in the 
evolutive scale

The affected residue is 
conserved in different species 
through evolution

The mutated aminoacid is a 
key residue for the function 
of the protein; its loss 
predicts a derangement of 
function

In silico analysis for 
missense mutations

Tools that provide scores on 
the possible damaging role of 
the observed variant. 
Warning: the combination of 
these tools ends in a 
contributory but non-
conclusive interpretation

These tools provide support 
but do not, by themselves, 
prove pathogenicity; genetic 
variants can be: probably 
damaging, possibly 
damaging, tolerated/benign. 
A colour code can be 
assigned

In silico analysis for 
splice site mutations

Tools that provide scores on 
the possible activation of a 
cryptic splice site

The tools contribute to the 
interpretation. The final 
demonstration is obtained 
with RNA studies showing 
either insertion or deletions 
of protein fragments
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Steps Criteria Information/data

Examples and contributions 
of the different tools 
supporting interpretation of 
the genetic variants/
mutations identified in DCM

Genetic 
epidemiol-
ogy

Control series
•  Public DB including 

large series of 
“unaffected” 
anonymized subjects

•  Local population 
control series add 
information on ethnic/
race variability: 
geographic origin 
should be considered

Case series
Published series 
reporting the prevalence 
of defects in given 
disease genes. Warning: 
prevalence data in 
clinical series that 
investigated a unique 
gene may not inform 
about the pathogenicity 
of the mutations

The absence of given genetic 
mutations/variants in a large 
number of healthy controls, 
or their presence at a very 
low minor allele frequency 
(MAF) demonstrates that:
•  the mutation/variant is not a 

common polymorphism
•  the mutation/variant is a 

possible candidate
•  in any case, the mutation/

variant should be 
considered with caution 
before either excluding or 
confirming its potential role 
in the pathogenesis of the 
disease

Large databases are available 
and include data from 
anonimyzed populations; for 
cardiomyopathies their 
reliability is limited by:
•  The high prevalence of 

cardiomyopathies such as 
HCM and therefore of their 
disease-causing mutations 
(control series enrolled 
without imaging do not 
exclude the erroneous 
enrolment of HCM 
asymptomatic cases)

•  The lack of definition of 
“control” for genetic 
control series (inclusion 
does not rely on ECG and 
echocardiographic 
exclusion of the disease)

•  The age-dependence of the 
cardiomyopathy phenotype 
(the age of subjects included 
in CTRL series may limit the 
values of reported MAF

Family 
studies

Recurrence of the same 
variants/mutations in 
more families sharing 
similar phenotypes

The demonstration that the 
same mutation recurs in more 
unrelated families in which it 
is associated with the same 
phenotype, reinforces the 
pathogenic role

Typical examples are 
recurrent mutations such as 
p.(Arg190Trp) or p.
(Glu161Lys) in LMNA gene 
or p.(Arg403Trp) in MYH7 
gene, among others

Segregation studies 
demonstrating that:
•  affected family 

members carry the 
mutation

•  healthy family 
members do not carry 
the mutation

The segregation of the 
phenotype with the genotype 
in the family provides a 
robust contribution to the 
interpretation of the role of 
the mutation in the phenotype. 
Long-term follow-up may 
modify the scenario

This assessment can be 
limited by the small size of 
the family; or by the 
non-availability of living 
relatives to expand the 
clinical and genetic 
investigation

Phenotype Phenotype and genotype: segregation Phenotype and genotype: non-segregation 

Table 10.1 (continued)

(continued)
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Steps Criteria Information/data

Examples and contributions 
of the different tools 
supporting interpretation of 
the genetic variants/
mutations identified in DCM

Pathology Pathologic studies
•  Endomyocardial 

Biopsy
•  Hearts excised at 

transplantation
•  Apex samples from 

patients implanted 
with VAD systems

• Muscle biopsies

Conventional histopathology 
provides diagnostic 
information on myocarditis, 
intramyocyte storage 
diseases and infiltration 
diseases. 
Immynohistochemistry and 
protein analysis (from 
Western blot of a single 
protein to extensive 
proteomic and metabolomic 
studies) may inform on the 
abnormal, defective 
expression of the mutated 
protein in affected 
myocardium

This type of studies is useful 
to assess:
haploinsufficiency (e.g. 
LMNA, DMD) when the 
genetic defects are 
associated with variation in 
the expression of the 
mutated protein at the 
myocardial level; common 
intermediate or end-stage 
mechanisms of myocyte 
damage (e.g. autophagy)

Experi-
mental 
studies

iPSC- derived myocytes 
(iPSC-CM)

Investigate in vitro the 
morphofunctional cellular 
effects of mutations:
Pharmacologic tests • 
responsiveness of affected 
cells to drugs.
Cellular electrophysiology • 
mecha nisms of electrical 
instability and 
arrhythmogenic potential

The methods are complex 
and time-consuming but 
consolidated and feasible. 
The information achievable 
with iPSC-CM can 
contribute to the final 
interpretation of the 
pathogenicity and provide 
in vitro models for 
functional studies.

Early iPSC-CM from 
skin fibroblasts of a 
DCM patient:
•  note the position, size 

and morphology of the 
central group of cells 
during contraction and 
relaxation

Relaxation Contraction

Animal models Mouse models offer the 
possibility of reproducing 
phenotypes associated with 
mutations that cause the 
DCM

Major limitations of the 
systemic implementation of 
mouse models: time, 
facilities and costs. 
Non-representative of the 
complex individual genetics

Table 10.1 (continued)
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10.3  Clinical Cases: Genetic DCM

The clinical cases selected for this chapter are paradigmatic examples of DCM with 
identical (same disease gene and mutation), similar (different mutations in the same 
gene) or different (different disease gene) causes. Each case/family is presented in a 
figure that includes all key information on phenotype and cause, and is shortly com-
mented in the text that highlights the considerations that can be useful for the clini-
cal evaluation of patients and families.

The ideal diagnostic screening starts with the clinical diagnosis in probands and 
ends with the identification of the cause of the disease (either genetic or non-genetic) 
and family screening. Although all DCM phenotypes look alike (LV dilation and 
dysfunction), each patient/family may demonstrate peculiar clinical profiles that 
can be sub-grouped on the basis of recurrent traits. The ideal diagnostic and nosol-
ogy scenario should contribute to distinguish DCM per phenotype and cause. In this 
chapter, the clinical cases are presented per both phenotype and cause.

10.3.1  Nuclear Envelopathies

Diseases affecting integrity of the nuclear envelope (NE) can manifest with DCM 
phenotype. The NE is a complex membrane system constituted of nuclear pores, 
inner (INM) and outer (ONM) nuclear membranes and nuclear lamina. NE con-
tains a large number of different proteins that are involved in chromatin organiza-
tion and gene regulation [36]. To date, DCM has been associated with mutations in 
proteins of the

• inner nuclear membrane [Thymopoietin or Lamina-associated polypeptide 2 
(LAP2) and Lamina-associated polypeptide 1 (LAP1)].

• outer nuclear membrane (Nesprin 1alpha that binds lamin A/C and is also associ-
ated with autosomal dominant Emery-Dreifuss Muscular Dystrophy (EDMD) type 
4 and Nesprin 2 that is associated with the autosomal dominant EDMD type 5)].

• nuclear lamina (Lamin A and Lamin C).

The paradigmatic examples of DCM caused by defects in nuclear lamina are 
dilated cardiolaminopathies (6–7% of all DCM in consecutive series) [17, 37] and 
dilated cardioemerinopathies (<1% in consecutive series): conduction system dis-
ease is the phenotypic hallmark of these diseases and occurs in up to 80% of patients 
with Lamin A/C defects (DCM-CD) and in all patients with EDMD-related gene 
defects [5]. Data on LAP- and Nesprin-associated DCM are limited but do not dem-
onstrate recurrent conduction disease.

10.3.1.1  Dilated Cardiolaminopathies Without Myopathy
In dilated cardiolaminopathies, the development of conduction system disease usu-
ally precedes the appearance of the DCM [17] (Fig. 10.1); the natural history is 
characterized by progressive prolongation of the PR interval, LV dilation and 
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dysfunction. Cardiolaminopathies display high arrhythmogenic potential, both 
atrial and ventricular arrhythmias; life-threatening ventricular arrhythmias may 
manifest in mildly dilated and dysfunctioning hearts and can be the first clinical 
manifestation of the disease [38]. Recent guidelines on the primary prevention of 
sudden cardiac death (SCD) recommend (Class IIa, Level B) implantable cardio-
verter defibrillator (ICD) in patients with DCM, a confirmed disease-causing LMNA 
mutation and clinical risk factors [39]: non sustained ventricular tachycardia 
(NSVT) during ambulatory electrocardiographic monitoring, left ventricular ejec-
tion fraction (LVEF) < 45% on initial evaluation, male gender and non-missense 
mutations (insertion, deletion, truncation or mutations affecting splicing) [39]. 
These recommendations constitute a step forward gene/disease-specific treatment 
and therefore precision and personalized medicine in cardiology. LMNA gene is 
now routinely tested in patients with DCM.

More than 500 mutations have been identified to date in LMNA gene: missense 
mutations represent about 80% of all mutations while truncation-predicting muta-
tions (stop, frameshift, splice site) are less common (about 20%) (http://www.umd.
be/LMNA/). The majority of mutations are private; however same mutations (http://
www.umd.be/LMNA/) have been found in numerous families in which affected 
members shared similar phenotype (Table 10.2).

10.3.1.2  The Malignant p.Arg190Trp Mutation in LMNA
Figure 10.2 summarizes the clinical evolution of the disease in the proband and the 
early phases of the disease in her son. The p.(Arg190Trp) mutation identified in this 
family is one of the most common defects affecting Lamin AC, with 47 reports for 
p.(Arg190Trp) substitution and 4 reports for p.(Arg190Gln) at http://www.umd.be/
LMNA/ (Table 10.2). This mutation is confirmed as disease-causing mutation.
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Table 10.2 Selected examples of the phenotypes and geographic origin of recurrent mutations 
(from http://www.umd.be/LMNA/): Key messages

Mutation Described in Phenotype
p.(Ser143Pro) Finland DCM-CD
p.(Ser143Phe) Germany Progeroid syndrome with myopathy and possible 

AF
p.(Glu161Lys) France, Italy, S.Korea, 

USA
DCM-CD

p.(Arg190Trp) Italy, Germany, Ireland, 
Spain, Filand, UK, 
Japan, USA, S.Korea

DCM-CD; (1 case, UK ARVC)

p.(Arg190Gln) USA DCM-CD
p.(Glu203Lys) USA DCM-CD
p.(Glu203Gly) Non-specified DCM-CD
p.(Arg225X) Italy, Belgium, USA, 

Japan, China
DCM-CD

p.(Arg225Gln) Spain EMDM
p.(Arg249Gln) France, Germany, Italy, 

Spain, Russia, Japan, 
USA, S.Korea

EMDM,LGMD1B; (1 L-DCM)

p.(Arg249Gln) USA, Argentina, Japan, 
others non specified

L-CMD, EMDM, Striated muscle laminopathy

p.(Arg298Cys) Algeria, Marocco EMDM; AR-CMT2; less common: isolated 
cardiac disease.

p.(Arg377His) Netherland, France, 
Italy, Belgium, Russia, 
USA, Carrabean

LGMD1B; EMDM; quadricipital 
myopathy + DCM-CD

p.(Arg377Cys) France, Japan LGMD1B; EMDM; striated muscle laminopathy
p.(Arg377Leu) Italy, Belgium, S.Korea LGMD1B; EMDM; 1 DCM-CD
p.(Arg453Trp) UK, Spain, Italy, 

France, Belgium, 
Poland, Hungary, Japan, 
USA

EMDM; LGMD1B; EMDM + FPLD (1 case)

p.(Arg453Trp) Spain L-DCM (1 case)
p.(Arg482Trp) Spain, France, 

Germany, UK, Portugal, 
USA, Brazil, India

FPLD; FPLD + LGMD1B;

p.(Arg482Gln) Germany, Poland, USA FPLD
p.(Arg482Leu) Germany; others, non 

specified
FPLD

p.(Gly608Gly) Italy, Spain, France, 
Netheralnd, Turkey, 
Morocco, Egypt, USA, 
Canada, S.Korea

Progeria; (1 restrictive dermopathy)

p.(Gly608Ser) Canada; 1 unspecified Progeria

(continued)
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This family provides data for practical comments:

 1. The affected members of the first three generations of the family do not provide 
informations about the natural history of the disease: they were all diagnosed 
with DCM in the clinically overt phase of the disease (DCM with angiographi-
cally normal coronary arteries and conduction disease) and treated according to 
protocols dating back 20–30 years.

 2. The presence of LMNA p.(Arg190Trp) mutation in both IV:2 and IV:3 indicates 
that III:2 and III:3 were obligate carriers of the genetic defect, while no informa-
tion can be inferred for III:4, who was affected but offspring IV:4 and IV:5 tested 
negative. Therefore family member III:4 does not fulfil the criteria to be defined 
obligate carrier.

 3. The natural history of the disease in the family can be written for IV:2 and will 
further enrich of the future follow-up data from V:2, while family member IV:3 
was diagnosed when the DCM was clinically manifest.

 4. Due to the frequent conduction disease, beta-blockers (BB) can be safely used 
only in patients who underwent pacemaker (PM) implantation. The choice of BB 
can be tailored according to the prevalent clinical need: arrhythmias or heart 
failure (e.g. sotalol vs. metoprolol or carvedilol or bisoprolol).

 5. The ESC recommendation for primary prevention do not include malignant mis-
sense mutation such as the p.(Arg190Trp) and leave cardiologists to their own 
expertise and decisions [39]. Therefore, although these guidelines are very 
recent, they do not address clinical needs in real life.

10.3.1.3  Dilated Cardiolaminopathy: Detection of Proven 
Pathologic Mutations in Singleton

The clinical histories of the four probands and families shown in Fig. 10.3a–d are 
similar, all starting from atrioventricular block (AVB) that required PM implanta-
tion 7–12 years before the development of DCM phenotype. In the large family 

Table 10.2 (continued)

Mutation Described in Phenotype
p.(Arg644Cys) Italy, Denmark, UK, 

Netherland; USA, India
DCM-CD; EMDM; LGMD1B; striated muscle 
myopathy; progeroid syndrome; FPLD; isolated 
AF; HCM + myopathy; HCM; Aortic valve 
insufficiency and Aneurysm; HCM; ARVC.

p.(Arg644His) UK L-CMD (1 case)

There are mutations such as p.(Arg190Trp) that do not associate with muscle involvement
Mutations such as p.(Glu203Lys) only cause DCM-CD
Mutation as p.(Arg482Gln) only cause FPLD
Mutations such as p.(Gly608Gly) only cause progeria
Mutations such as p.(Arg644Cys) are associated with protean conditions; their pathogenic role 
should be considered with caution. A second mutation (non-searched for) could be the primary 
genetic defects causing the phenotype
AF atrial fibrillation, HCM hypertrophic cardiomyopathy, DCM dilated cardiomyopathy, DCM-CD 
dilated cardiomyopathy with conduction disease, LGMD limb girdle muscular dystrophy, EMDM 
Emery Dreiffus muscular dystrophy, FPLD familial progeriod lipodystrophy, L-CMD Lamin 
 congenital muscular dystrophy
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shown in Fig. 10.3a, the affected members shared slowly progressing conduction 
disease and DCM: none of the affected members of the Ist and IInd generations 
could undergo genetic testing and only three members of the IIIrd generation 
(A-III:7, A-III:26 and A-III:27) were affected and alive when genetic test for LMNA 
was introduced. The p.(Glu161Lys) mutation in the Lamin AC segregated with the 
phenotype after screening of affected members of the IV generation: the youngest 
mutated members of the IVth generation (A-IV:6 and A-IV:9, both under 20 years 
of age) are still unaffected and undergo regular clinical monitoring. The mutation 
identified in this family has been reported (http://www.umd.be/LMNA/) as associ-
ated with DCM with AVB, without muscle involvement.
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Family summary

I:1 = death at 35 years � HF
II:1 = SD at 50 years; “heart disease with heart failure and pace-marker”
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III:3 = Death,DCM � 37 years
III:4 = Onset DCM: 29 years: death: 31 years
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Fig. 10.2 Pedigree. Two-dimensional TTE view proband and son carriers of the common p.
(Arg190Trp), family summary (a) and clinical data (b)
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The clinical history of the family shown in Fig. 10.3b is similar to that of fam-
ily A. The 50-year-old male proband (B-III:8) first complained fatigue and noctur-
nal paroxysms of dyspnea. The ECG showed AVB and a few premature ventricular 
complex (PVC) (<100 in multiple 24-H Holter monitoring occasions). The first 
cardiologic evaluation demonstrated LV dilation and LVEF = 20% (NYHA func-
tional class IIb). Epicardial coronary arteries were patent. The patient was diag-
nosed with DCM and entered the diagnostic work-up for stratification of the 
arrhythmogenic risk. Electrophysiological study (EPS) was negative for inducible 
arrhythmias. On the basis of the severe LV dysfunction, the patient received an 
ICD-PM according to guidelines available in 2007. His medical treatment was 
optimized and adjusted during the course of 9 years, but ended in heart transplan-
tation. The patient was addressed to genetic evaluation. In his family, the mother 
had died for heart failure at the age of 67 years, after a 15-year history of HF, with 
PM implantation (complete AVB) at the age of 52 years. Three maternal siblings 
were affected (DCM with PM). One affected sister (B-III:1) and two of her sons 
(B-IV:1 and B-IV:2) were equally affected. Genetic testing in the proband identi-
fied the p.(Glu161Lys) mutation that was also found in B-III:2,B-III:9 and 
B-III:10. Siblings B-III:3–7 tested negative. The genetic test was further extended 
to the two young offspring of B-III:2 (both negative), B-III:8 (one positive and 
one negative), B-III:9 (one negative and one positive) and B-III:10 (both nega-
tive). The young mutation carriers (B-IV:6 and B-IV:9) are undergoing regular 
clinical monitoring.

The probands of families C (Fig. 10.3c) and D (Fig. 10.3d) presented with appar-
ently sporadic DCM associated with AVB; their clinical history was similar: both 
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underwent PM implantation, upgrading to ICD and successful heart transplantation 
13 and 9 years later, respectively. Although family screening and segregation stud-
ies were not feasible, the mutation was the same identified in families A and 
B. Therefore, the identification of the pathogenic mutation p.(Glu161Lys) labels 
these apparently sporadic DCM as proven genetic disease. Key messages that can 
be derived from the above four examples are:

 1. Segregation studies in large families are essential contributors to the final inter-
pretation of the role of the mutation.

 2. The likely obligate carrier status of A-I:1 and B-I:2 can be inferred but not proven 
because the respective spouse and husband were not tested. Non-tested, but obli-
gate carriers of mutations (e.g. A-III:4) inform on the obligate carrier status of their 
affected parents (A-II:1); this information is equally reliable for A-II:9 whose son 
had not genetic testing but both nephews (A-IV:20 and A-IV: 21) are carriers.

 3. Inheritance pattern in family B could be either autosomal dominant or matrilin-
eal; the former is clarified by carriers B-IV:6.

 4. The genetic disease in probands C-II:2 and D-II:1 is proven by the pathologic 
mutation and by the typical gene-associated phenotype (CD-DCM).

 5. The high number of events in the four families may reflect past late diagnoses 
and treatment protocols in 1st and 2nd generation of families A and B and can 
contribute to stratify prognosis in youngest members of the 3rd and 4th 
generation.

10.3.1.4  Dilated Cardiolaminopathies with Skeletal Muscle 
Involvement

Cardiolaminopathies can be associated with variable involvement of the skeletal 
muscle. Affected members of the family shown in Fig. 10.4 demonstrate Emery- 
Dreifuss muscle dystrophy, DCM and conduction disease. The early clinical mani-
festation of the disease was characterised by increased levels of sCPK without 
functional muscle impairment in the proband (III:3) when her older sister was 
already manifesting clinical signs of muscle dystrophy and atrial arrhythmias. In the 
two sisters (III:1 and III:3) the clinical phenotype differed, with muscle dystrophy 
prevailing in III:1 and DCM in III:3. The major difference in the clinical history of 
the two sisters is that the latter had two pregnancies, both successful but with cae-
sarean section. Their mother was affected by muscle dystrophy: she died suddenly 
at 42 years. The two young daughters of III:3 are healthy and their levels of sCPK 
are normal; they are undergoing regular clinical monitoring. The origin of the muta-
tion cannot be established: maternal parents (I:1 and I:2) had died at 70 and 80 years 
respectively, but there are no available clinical reports documenting their clinical 
status. The mutation identified in the family is an in-frame insertion of three bases 
corresponding to the in-frame addition of a unique residue (Leucine).

This family gives the opportunity for highlighting:

 1. phenotype heterogeneity in family members who are carriers of the same 
mutation

 2. atrial arrhythmias are a relevant contributor to the cardiac phenotype
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 3. biomarkers such as > sCPK can, by themselves, contribute to the clinical 
hypothesis

 4. open question: could pregnancies in III:3 have influenced the cardiac 
phenotype?

 5. In real life, indications to ICD implantation do not necessarily adhere to guide-
lines (e.g. III:1); the final decision on how to manage patients with potentially 
malignant genotypes is part of the responsibilities of cardiologists.

10.3.1.5  Dilated Cardioemerinopathies
Emerin defects typically cause Emery-Dreifuss Muscular Dystrophy (EDMD). The 
cardiac involvement is characterised by conduction disease either isolated or associ-
ated with DCM phenotype [40]. Arrhythmias are common [41]. The inheritance is 
X-linked recessive and muscle dystrophy is the marker of disease in affected males. 
Cardiac involvement is common and manifests with palpitations, presyncope and 
syncope, poor exercise tolerance, and heart failure [40, 41]. The clinical differential 
diagnosis with autosomal dominant laminopathies is the inheritance pattern and the 
type of muscle disease. The Fig. 10.5 shows the examples of two families in which 
probands demonstrated similar phenotypes: early conduction disease, LV dilation 
and dysfunction and mild muscle dystrophy (A-II:1) vs. increased sCPK without 
functional impairment (B-II:2). The arrhythmogenic risk in the two conditions can 
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I

II

III

IV

1

2

III:1, 47 years Proband � III:3, 44 years Other Family members

Starting from the age of 30 years: difficult
climbing stairs. Atrial arrhythmias

Age 35:
-EPS nagative
-Suspected limbe-girdle muscle dystrophy
-Skeletal muscle CT: fat infiltration of the
skeletal muscle
-Muscle biopsy: non-specific neure-myopathic
changes

Two cesarean sections <30 years

Known mild >sCPK
1st diagnosis: detection of atrial arrhythmias
and PVC, 32 years, during a cardiology control
before histerectomy for uterine fibroids.

36-37 years:
-Dyspnea on effort
-AVB 1st

-Episode of atrial flutter
-2D-TTE: LVEF 35%; LVEDD = 56mm.--
Medical treatment (ACE-1, Diuretics, Amiodarone,
Bisoprolol 1.25mg, Warfaring)

Age 37 years
-ECG: AVB 1st

-24-H Holter: a few runs of NSVT
-CMR: LVEF = 48%; LVEDD 54mm; non DE
-ICD: Primary prevention 
37 - 47 years: no ICD intervention; persistent
atrial arrhythmias; milder > LV dilation

AF � amiodarone; upgrading ICD/CRT

EPS = Electrophysiology Study; CT: Computed Tomography; AVB = Atrio-ventricular block; CMR = Cardiac Magnetic Resonance; LVEDD = Left Ventricular End Diastolic Diameter; ACE-I = ACE
Inibitors; ICD = Implantable Cardioverter Defibrillator; AF = Atrial Fibrillation; PVCs = Premature Ventricular Contraction LVEF = Left Ventricular Ejection Fraction; TTE = Transthoracic
Echocardiogram; SD = Sudden Death.

II:1, II:2, II:4 � negative clinical and
genetic screening

II:3 � SD:57 years; known muscle
dystrophy

II:5 � SD:42 years; known muscle
dystrophy

37 years: ICD, primary prevention

39-44 years: LVEF = 48%; LVEDD = 55mm;
NYHA II; mild, variable increase of sCPK

no ICD interventions

IV:1,IV:2, 16 and 14 years respectively:
healthy carriers of the LMNA mutation.

2 3 4 5

1

1

+ +

+ +
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– – –

2

2

3

III:1- MD(AVB+>sCPK) OH+M GAD EG-LMNA [p.Leu249insLeu]Sc-II

III:1- MD(F)AVB+>sCPK) OH+M GAD EG-LMNA [p.Leu249insLeu]Sc-III

Fig. 10.4 Dilated cardiolaminopathy and myopathy
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eventually differ: data on laminopathies are robust while those on emerinopathies 
are still limited. Figure  10.5 illustrates the key differences of the two different 
conditions.

10.3.2  Dystrophin and Dystrophin Associated Glycoprotein 
Complex

Dystrophin is a rod-like protein that is located at the inner surface of muscle fibers. 
Defects in Dystrophin cause Duchenne Muscular Dystrophy (DMD, MIM#310200), 
Becker Muscular Dystrophy (BMD, MIM#300376) and X-Linked Dilated 
Cardiomyopathy [30, 42–44]. Dystrophin is associated with a large oligomeric 
complex of sarcolemmal proteins and glycoproteins, the dystrophin-glycoprotein 
complex (DGC), whose protein components can be grouped in the dystroglycan and 
the sarcoglycan complexes. The DGC couple the sarcolemmal cytoskeleton with 
the extracellular matrix; loss of this structural link renders the sarcolemma 

Fig. 10.5 The diagnostic steps and the clinical similarities and differences between dilated car-
dioemerinopathies and dilated cardiolaminopathies
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susceptible to damage when exposed to mechanical stress. Defects in genes coding 
for DGC components cause autosomal recessive muscle dystrophies: DCM is rare.

10.3.2.1  Dilated Cardiodystrophinopathies
Most data on cardiodystrophinopathies have been generated in series of patients 
with DMD and BMD; single case reports and a few series described patients pre-
senting with DCM phenotype at onset [43, 44]. The precise diagnosis can be 
missed when non-specifically investigated. Patients with dilated cardiodystrophyn-
opathies can successfully undergo heart transplantation with long-term survival 
similar to other non-DYS-related DCM. DCM-DYS typically manifests in male 
patients who carry large DMD gene rearrangements, both in frame and out-of-
frame deletions (>80%) [43]; in a minority of cases mutations are either nonsense 
or missense. DYS mutations are associated with loss of protein expression at the 
level of the cardiomyocyte sarcolemma (Fig. 10.6). XL-DCM-DYS carries a low 
arrhythmogenic risk even when patients show severely dilated and dysfunctioning 
hearts fulfilling criteria for ICD implantation for primary prevention of SCD 
according to current guidelines. No ICD shock was observed during a median fol-
low-up of 14 months (interquartile range: 5–25 months) in 34 patients with DCM 
caused by defects of dystrophin [43]. DCM-DMD may show Left Ventricular Non 
Compaction (LVNC) that occurs in about 30% of cases and is now proposed as a 
prognostic marker [45].

The pedigree in Fig. 10.6 shows a typical clinical example of X-linked recessive 
inheritance: the mother (I:2) of the proband (II:2) is the healthy carrier of the muta-
tion (DYS-Del [44–47]). The probability of passing the mutation to the offspring is 
50% for each pregnancy. Vice versa each affected male passes the mutation to all 
daughters but not to sons: the sons of affected mutated males (they are obviously all 
negative) and the daughters (they are all carriers) do not need genetic testing. In case 
of parental consanguinity, the probability that both parents carry the same DYS 
mutation should be considered for testing. In this family, the immunohistochemical 
study of the myocardium showed loss of expression and irregular distribution of the 
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Fig. 10.6 X-linked recessive inheritance in cardiodystrophinopathies
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Fig. 10.6 (continued)

a

c

b
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protein (Fig. 10.6a, b) compared with myocardium from a patient with DCM and 
non-mutated DYS (Fig.  10.6c). In male patients with DCM and either increased 
sCPK or traits suggestive of muscle dystrophy, the defective immunostaining with 
anti-Dystrophin antibodies (the complete set includes antibodies specifically target-
ing N-terminus, rod domain, and C-terminus) is strongly suggestive for the precise 
diagnosis of cardiodystrophinopathy, which should confirmed by genetic testing.

In the family shown in Fig. 10.7 the proband presented with sporadic DCM: 
after completion of family screening, he was the only affected member of the fam-
ily; his sCPK levels were mildly and inconstantly increased. His grandmother was 
healthy at the age of 72 years; his mother did not show cardiac or extracardiac traits 
or markers of disease. The diagnosis in the proband was done on the basis of inci-
dental detection of increased sCPK when he was 12-year-old, asymptomatic and 
without clinical manifestations of dystrophy. During the course of 9 years of fol-
low-up the boy developed a mild LV dilation and borderline LV dysfunction (50% 
Ejection Fraction, EF), did not show ventricular arrhythmias and maintained stable 
in NYHA class I while being treated with ACE-I and BB. The CMR confirmed 
prominent trabeculations that do not fulfil criteria for the diagnosis of LVNC.

10.3.3  DCM Associated with Mutations in Z-Disk Proteins

The sarcomeric Z-disk anchors thin (actin) filaments and links titin and actin fila-
ments from opposing sarcomere halves. Key molecules identified to date as Z-disk 
components include, among others, LDB3 (CYPHER-ZASP), NEXN, T-CAP, 
MYOZ2, VCL, CSRP3, ANKRD1, ACTN2, MYPN. Although mutations encoding 
these proteins have been reported to cause DCM and HCM current evidence sug-
gests that mutations in Z-disk genes are rare and can be the cause of the disease or 
more commonly act as modifiers of the DCM phenotype caused by mutations in 
other disease genes. The two examples shown in Figs.  10.8 and 10.9 support a 
modifier rather than a causative role for these genes.

10.3.3.1  Dilated Cardiozaspopathies
Defects in LDB3 (CYPHER-ZASP; Zaspopathies) have been associated with DCM 
with and without LVNC, HCM, and myofibrillar myopathy. The protein interacts 
with α-actin, α-actinin, and myotilin and is involved in maintainance of the struc-
tural integrity of the striated muscle Z-disc in multiple species.

The original interest for LDB3 mutations was related to their association with adult-
onset, isolated, dilated LVNC cardiomyopathy [46] (OMIM*605906.0007). However, 
the most common “variant” p.(Asp117Asn) or p.(Asp232Asn) (Allele Frequency in 
Exome Variant Server=AA=0/AG=84/GG=6116, http://evs.gs.washington.edu/EVS/) 
which had been originally described as disease-causing mutation [46], was recently 
reported as polymorphism in a Beduin population in which it occurs in 5.2% of non-
affected individuals [47]. Other variants are reported in gene-specific variation database 
(http://www.dmd.nl/nmdb/variants.php?select_db=LDB3&action=view_all). The asso-
ciation of LDB3 variants with increased trabeculation/LVNC should be matter of further 

E. Arbustini et al.

http://evs.gs.washington.edu/EVS
http://www.dmd.nl/nmdb/variants.php?select_db=LDB3&action=view_all


339

3 4

76543

7654

CMR – LV Diastole CMR – LV DiastoleCMR – LV Systole

321

I

II

III

1 2

1 2

8 9 10 11 12

Proband � MD(>sCPK) OH+M GXLR EG-DMD [Del exons 45-49]Sc-I

– – – –

– –

Fig. 10.7 Apparently sporadic, genetic DCM
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investigation to definitely assess its role in the trabecular anatomy of DCM hearts. LDB3 
variants are common: they are frequently found in association with mutations in other 
disease gene. The example shown in Fig. 10.8 demonstrates the complex genetic make-
up in a family in which the disease-causing mutation seems to be the p.(Arg1359His) in 
MYH7 gene, while the variants p.(Glu19 Asp) in ANKRD1 gene and the p.(Val49Met) in 
LDB3 gene could contribute to the phenotype in the proband, who developed the disease 
at the age of 42 years. In her mother the disease onset coincided with acute heart failure 
at the age of 67 years: she does not carry the ANKRD1 variant. The father is affected 
by HFE hemochromatosis and he only passed one 282 mutated allele to the daughter 
(healthy carrier) and the ANKRD1 variant. The course of the disease was characterised 
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Fig. 10.8 Autosomal dominant DCM with complex genetic background
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by a mild phenotype at onset, transient worsening that led to ICD implantation in pri-
mary prevention, and is now stable, NYHA class I, since 5 years in optimal medical 
treatment, and no appropriate ICD interventions.

Considerations

• The role of mutations in LDB3 in DCM without LV hyper-trabeculations or 
LVNC deserves further studies and evidences.

• At present, in our experience, the p.(Asp117Asn) variant in LDB3 can be consid-
ered as potentially influencing LV trabecular anatomy but we have no evidence 
that, by itself, the variant is the unique cause of the DCM.

• In our early Sanger-based sequencing experience the causal link of LDB3 vari-
ants with DCM was inferred by apparent segregation but later on, with expansion 

A) The pedigree shows the autosomal dominant DCM; l:2 was proven to be affected but she did not have genetic testing. Her DCM
Was not associated with conduction disease. l:1 was described as healthy but he died suddenly at the age of 57.

B) The table below shows the stable clinical evolution of the disease in sibs II:2 and II:3. Their cardiac magnetic resonance showed
mall DE areas in the basal portion of the free lateral LV wall. Both sibs showed a few PVCs (<500/24 H) in multiple 24–H–Holter.

SD= Sudden Death; DCM=Dilated Cardiomyopathy; DE=Delayed Enhancement; PVC=Premature Vantricular Contraction; EF=
Fiection Fraction I VEDD= Left Ventricle End=Diastolic Diameter ACF–I=ACF Inhibitors BB= Beta Blockers

1

1

2

21

2

3

SD, 57 years

Age
47 yrs
49 yrs
51 yrs
52 yrs

EF (%)
22
40
40
40

LVEDD (mm) Treatments
Variably adjusted

• ACEI
• BB
• Diuretics

68
65
63
64

NYHA
III
II
II
II

II:2

Age
40 yrs
43 yrs
46
48
49
51
54

EF (%)
38
50
45
40
40
40
40

LVEDD (mm) Treatments
Variably adjusted

• ACEI
• BB
• Diuretics

61
59
60
58
60
59
50

NYHA
III
II b

II b

II
II
II
II

II:3

Negative clinical screening
No genetic testing because
of uncertain causality of the
variants identified in parents

NEXN p.Arg391Gln
NEXN p.Ser596Arg
LDB3 p.Asp117Asn
MYPN p.Gly804Arg
MYPN p.Pro1135Thr
AKAP9 p.Ser27Leu
AKAP9 p.Glu170Asp

NEXN p.Arg391Gln
NEXN p.Ser596Arg
MYPN p.Pro1112Leu
MYPN p.Gly804Arg
AKAP9 p.Ser27Leu
AKAP9 p.Glu170Asp

I

II

III

DCM: diagnosis: 58 years
Death for heart failure: 66 years

Fig. 10.9 The figure shows the pedigree A) and the results of cardiac review B) the uncertain 
interpretation of genetic results limits the possible interpretation of the results and parents decided 
not to test their healthy children. ACE-I ace inhibitors, BB beta blockers, DCM dilated cardiomy-
opathy, DE delayed enhancement, EF ejection fraction, LVEDD left ventricle end-diastolic diam-
eter, PVC premature ventricular contraction, SD sudden death
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of the number of tested genes and the number of screened family members, we 
found LDB3 variants frequently recurring in patients/families in which muta-
tions in other genes were proven to cause the disease (incomplete genotyping).

• We advice caution before releasing diagnostic conclusive reports on mutations in 
LDB3 as unique cause of DCM.

10.3.3.2  Dilated Nexilinopathies
Nexilin (encoded by NEXN gene) is a Z-disk protein whose defects cause perturba-
tion of Z-disk stability and heart failure in experimental models and DCM in humans 
through a dominant-negative effect. A recurrent mutation (founder mutation) causes 
DCM in 0.6% of consecutive German patients: the mutation consists of the deletion 
of the evolutionary highly conserved amino acid glycine at position 650 
p.(Gly650del). Other missense mutations have been identified and associated with 
DCM [48]. Variants are common in NEXN: the interpretation of their role in the 
pathogenesis of the DCM requires caution and may remain non-conclusive as in the 
family shown in Fig. 10.9. In this family the “asymptomatic” father of the proband 
died suddenly at the age of 57 years and the cause of death remained non-clarified 
(the autopsy was not performed). The mother had been diagnosed with DCM at the 
age of 58 years and died for heart failure 8 years later. She did not receive PM or 
ICD. The affected family members are two siblings, showing similar but non-iden-
tical genetic make up. Of the two NEXN variants identified in the two sibs, one 
p.(Arg391Gln), is novel, unreported in existing databases and predicted as poten-
tially pathogenic by in silico tools. The second variant p.(Ser596Arg) is known, rare 
and predicted as possibly damaging. In both sibs variants with potential modifier 
effects are equally present with the exception of the p.(Asp117Asn) in LDB3 gene, 
which was identified in II:3 but not in II:2. The overall genetic make-up of the two 
sibs is at present non-conclusive. The immunostaining of the EMB with anti-LDB3 
antibodies in the sib carrier of the p.(Asp117Asn) variant in LDB3 gene was similar 
to that observed in controls that do not carry this variant. Additional functional stud-
ies have not been performed. At present III:1 and III:2, the two young sons of the 
two sibs, on the basis of the non conclusive genetic data, did not undergo genetic 
testing: both had negative clinical screening and none of them at present, could 
contribute to further interpretation of the potential role of variants identified in this 
family. The risk is labelling the two boys as genetically affected, when, vice versa, 
the real cause of the disease in the family is not proven. We advise caution against 
releasing genetic reports that describe variants whose role is not proven by segrega-
tion studies and functional data. The table in Fig. 10.9b shows the stable clinical 
condition of the DCM during the long-term course in optimal medical treatment. No 
family members manifested conduction disease or required ICD implantation.

10.3.4  Dilated Phospholambanopathies

DCM-PLNs are a distinct group of DCM caused by mutations in the Phospholamban 
gene that encodes a protein expressed in the sarcoplasmic reticulum (SR) 
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membrane. Phospholamban inhibits cardiac muscle sarcoplasmic reticulum Ca(2+)-
ATPase (SERCA2a) in the unphosphorylated state. Mutations in PLN impair SR 
calcium homeostasis and cause DCM [49]. Less commonly, mutations in PLN cause 
HCM [50]. The p.(Arg14del) is the most frequently identified mutation in Dutch 
cardiomyopathy patients (10–15%), both DCM or arrhythmogenic phenotypes [51]. 
Patients diagnosed with DCM associated with p.(Arg14del) demonstrate high 
arrhythmogenic risk and sudden cardiac death as first disease presentation [50, 51]. 
A common ECG pattern in PLN mutation carriers is a low-voltage QRS complex 
and inverted T waves in leads V4–V6 [52]. In non-Dutch patients PLN mutations 
are less common but equally malignant [53, 54]. Therefore, although rare, PLN 
mutations can be clinically suspected in patients with DCM, high arrhythmogenic 
risk and low voltage on ECG.

10.3.5  Dilated Sarcomeric Cardiomyopathy

10.3.5.1  Dilated Myosinopathies
Mutations in the MYH7 gene (typically causing HCM) may associate with DCM 
[31]. Recent experimental studies suggest that loss of function mutations are associ-
ated with DCM while mutations causing gain of function are associated with 
HCM.  The reconstitution of the entire contractile system [actin and myosin and 
Tropomyosin 1, Troponin C, Troponin I, and Troponin T] seems to be necessary to 
fully understand the effects of MYH7 mutations in HCM and DCM [55]. Additional 
explanations include the possibility of compound mutations in MtDNA genes and in 
the MYH7 gene: patients who carry the sole MYH7 mutation demonstrate HCM, 
while those carrying both MYH7 and MtDNA mutations develop “hypertrophic 
dilated cardiomyopathy” with an end-phenotype resembling DCM [56]. Yet another 
explanation is the presence of more than one mutation in the same patient: depend-
ing on the mutation, the DCM phenotype could be explained by a complex genetic 
make-up in which more than one mutation contributes to the final phenotype. 
Overall, the role of MYH7 in DCM remains a matter of research and deserves spe-
cific investigation for any novel mutation identified in patients with DCM.

The family shown in Fig. 10.10 highlights the problem of complex interpretation 
of genetic testing when mutations identified in the proband are two (or more) and 
both are potentially pathogenic. When family segregation cannot be investigated, 
the assignment of the causal role to one or to the other mutation may remain unfea-
sible. When family members to be tested are healthy children or adolescent (minors), 
parents can be reluctant to decide about genetic testing. In this family a key member 
could have been the mother of the proband, but she died before genetic work-up. 
Therefore, in complex situations with uncertain interpretation, geneticists and car-
diologists should not force interpretations or decisions. Excluding a causative role 
of the TTN missense variant, the possible scenarios for the three clinically healthy 
kids of the proband include: (1) they may carry only one of the two mutations 
(either MYH7 or MYBPC3); (2) they may carry both variants. The father would 
know whether the risk of developing the disease exists or is higher with MYH7 or 
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with MYBPC3 mutation. Since at present we do not have answer, the genetic basis 
of the DCM in II:4 should be considered not suitable for conclusive diagnostic 
interpretation.

This family gives the opportunity for the following considerations:

• The identification of more than one mutation with possible pathologic effect 
obligates to segregation studies that establish the mono or bi-parental origin of 
the mutations

• If each mutation is inherited from one of the two parents and the inheritance of 
the trait is autosomal dominant, one of the two mutations may have a leading role 
and the one can act as possible modifier of the phenotype.

• The findings are relevant for interpretation of the results of cascade genetic test-
ing in families.

10.3.5.2  Dilated Troponinopathies
The comprehension of mechanisms that cause DCM in patients with mutations in 
TNNT2 or TNNI3 is currently complicated by the different phenotypes associated 
with these genes, typically RCM, HCM, HCM with restrictive pattern, DCM and 
hypokinetic without LV dilation. TNNT2-related cardiomyopathies are diseases 
with exclusive cardiac involvement [57].

The proband shown in Fig. 10.11 is a 41-year-old woman who had three uncom-
plicated pregnancies. Her clinical history started at the age of 36 years when, after 
a febrile flu, she manifested profound fatigue, cough and palpitations. A cardiologic 
evaluation demonstrated LV dilation and mild dysfunction (EF = 45%), normal LV 
thickness (9 mm), normal levels of NTProBNP, rare PVC. Coronary arteries were 
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Fig. 10.10 Sarcomeric DCM. AD autosomal dominant, HTx heart transplant, TTE transthoracic 
echocardiogram
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angiographically patent. CMR demonstrated subepicardial delayed enhancement 
(DE) of the lateral left ventricular wall and increased apical trabeculation. She was 
given metoprolol and ACE-I.  After one year, clinical controls demonstrated LV 
EF = 43%; a further CMR questioned the presence of DE (doubt DE in the report) 
and described “dysmorphic right ventricle (RV) apex without evidence of fibro-fatty 
infiltration, normal RVEF”. A first syncope occurred two years after the diagnosis: 
the patient described loss of consciousness with spontaneous relapse. The LV was 

1

DCM Diagnosis:
42 years
PM: 60 years
WL for HTx: 60 years
Death, HF: 63 years

I

II

III

I:2; II:2; II:3; III:1–7 → clinical screening negative

MD OH GAD EG-TNNT2[p.R196W] SC-II

1

1 2 3 4 5 6 7

2 3

2

Fig. 10.11 Proband of a 41-year-old woman who had three uncomplicated pregnancies. AD auto-
somal dominant, DCM dilated cardiomyopathy, EPS electrophysiological study, HF heart failure, 
Htx heart transplant, ICD implantable cardioverter defibrillator, IVS interventricular septum, LA 
left atrium, LVEDD left ventricular end-diastolic diameter, LVEF left ventricular ejection fraction, 
NSVT nonsustained ventricular tachycardia, PM pacemaker, TTE transthoracic echocardiogram, 
WL waiting list
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not dilated (48  mm); the left atrium showed normal diameter (30  mm), areas 
(19/10 cm2) and volumes (42/22 ml); LVEF was 45%. Further syncope episodes and 
absence of documented ventricular arrhythmias led to the implantation of a loop- 
recorder (reveal) after a negative EPS. A tilt test did not induce a neuro-mediated 
syncope. The recurrence of syncope led to ICD implantation that did not shock 
when the patient had other syncopal episodes. The neurologic evaluation including 
brain imaging excluded primary and secondary defects. During the next 2 years the 
fatigue and dyspnea progressively worsened; the ICD did not intervene but recorded 
several episodes of NSVT. LVEF decreased from 40% to 35% with normal size. The 
NYHA class progressed from II to IIIb: the patient underwent evaluation for heart 
transplant (HTx) with the final diagnosis of hypokinetic LV cardiomyopathy. The 
family shown in Fig. 10.12 highlights how the health status of the family changed 
during the course of 12 years.

10.3.5.3  Dilated Cardiotitinopathies
The Titin (TTN) gene encodes the largest human protein and one of the most 
abundant striated-muscle protein [58]. Truncation predicting mutations have been 
identified in 25% of familial DCM and in 18% of sporadic DCM [59]. The pen-
etrance of TTN truncating mutations was higher than 95% for the patients who 
were more than 40 years of age. Clinical manifestations, morbidity and mortality 
were similar to those observed in DCM patients who were non-carriers of TTN 
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AMI= Acute Myocardial Infarction; DCM= Dilated Cardiomyopathy; HF=Heart Failure; LV=Left Ventricle; LVEDD=Left Ventricular End-Diastolic Diameter; LVEF=Left Ventricular Ejection Fraction.
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II:1 → Death for Heart Failure →TNNT2 p.(Neg)

I:1 → stroke, 70 years

II:1 → 81 years, hypertension, DCM phenotype, death for HF
II:3 → 68 years, breast cancer, chemotherapy, 70 years: DCM
III:1 → 50 years, LVEDD = 57 mm; LVEF = 43%
III:1 → 44 years, LVEDD = 52 mm; LVEF = 40%
III:2 → 24 years, LVEDD = 64 mm; LVEF = 45%
III:2 → 18 years, athlete: LVEDD = 52 mm; LVEF = 53%

I:2 → 93 years
I:3 → 51 years, AMI
I:4 → 98 years
II:1 → 68 years, hypertension
II:2 → Diagnosis DCM: 49 years; death HF 52 years
II:3 → 58 years; colon cancer, chemotherapy
III:1 → 38 years; mild LV dilation; borderline LV function
III:2 → 34 years athlete; mild LV dilation; borderline LV
function

IV:1 → 12 years; normal LV size and function
IV:2 → 6 years; normal LV size and function

II:1 → Obligate carrier of the TNNT2 p.(Gly279Arg)
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Fig. 10.12 Familial dilated troponinopathy 2: from baseline screening to last follow-up 12 years 
after the diagnosis. AMI acute myocardial infarction, DCM dilated cardiomyopathy, HF heart fail-
ure, LV left ventricle, LVEDD left ventricular end-diastolic diameter, LVEF left ventricular ejection 
fraction
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mutations. DCM was not accompanied by conduction system or skeletal-muscle 
disease [59]. A further study in women with peripartum cardiomyopathy (PPCM) 
showed a distribution of truncating variants remarkably similar to that found in 
patients with DCM [60]. TTN mutations have been also associated with hypertro-
phic cardiomyopathy (MIM#613765); muscular dystrophy, limb-girdle, type 2J 
(LGMD2J–MIM#608807); autosomal recessive early onset myopathy with fatal 
cardiomyopathy (MIM#611705); tardive tibial muscular dystrophy (MIM#600334); 
and proximal myopathy with early respiratory muscle involvement (MIM#603689) 
[61–63]. Since one in 500 individuals in the general population carries a truncation 
variant in the TTN A-band, the interpretation of such mutations in DCM should be 
cautious [64]. The relevance of defining the precise role of TTN in DCM is now 
supported by the possibility that antisense mediated exon skipping can be explored 
as therapeutic strategy [65].

The family shown in Fig. 10.13:

• Highlights the possible segregation of the TTN truncation-predicting mutation in 
the family.

• The second possible mutation in MYH6 is missense and inherited by an healthy 
young family member who did not, vice versa, inherit the TTN mutation (III:5): 
the question from the affected father was about the risk that his son will develop 
cardiomyopathy.

• Although this probability is likely low, we do not have the proof that this asser-
tion can be done at the diagnostic level.

10.3.6  Nebulette-DCM

Mutations in the cardio-specific protein nebulette, encoded by the NEBL gene, have 
been associated with DCM [66], HCM [67] and endocardial fibroelastosis [66]. The 
protein belongs to the nebulin family of actin-binding proteins that play their role in 
myofibrillogenesis, Z-line assembly, and interactions with filamin C, myopalladin, 
α-actinin 2, tropomyosin and troponin T [67]. The prevalence is 1.8% in consecu-
tive series of DCM patients [2]. Functional effects of NEBL mutations have been 
explored in experimental models demonstrating lethal cardiac structural abnormali-
ties in mutant embryonic hearts [68]. In addition, nebulette polymorphisms in the 
actin-binding motif have been proposed as a genetic marker of susceptibility to 
nonfamilial idiopathic DCM [66]. Mutations in this gene however have been inves-
tigated in series of probands but not in families. The following examples (Fig. 10.14) 
show that segregation studies in families are essential for interpretation even in case 
of truncation predicting mutations.

10.3.6.1  Case A
The proband is a 73-year-old man who developed DCM at the age of 50 years. The 
DCM phenotype was not associated with cardiac or extracardiac markers and did not 
show arrhythmogenic potential. The heart was markedly enlarged (left ventricular 
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I

Proband → MD OH GAD EG-TTN(p.Arg4738Ter) + MYH6(p.Val344lle) SC-II

Proband II:2

II:3

II:5

II:1 and II:4: normal clinical screening
III:1-5: normal clinical screening
Genetic testing

50 years: onset with acute heart failure. Coronary angiography: Left anterior descending artery 99% prox.; left marginal branch:
85%. LV dilation and dysfunction (EF = 27%). ICD implantation

52 years → LVEF = 25%; LVEDV = 180 mL

53 years → AF → non appropriate intervention of the ICD → Warfarin and amiodarone

Sudden cardiac death at 50 years, 10 years after the diagnosis of DCM, normal coronary arteries

40 years: dyspnea, palpitations, fatigue → DCM, normal coronary arteries; AF
LVEF = 40%; LVEDD = 64 mm
42 years: LVEF = 38%; LVEDD = 66 mm
44 years: LVEF = 35%; LVEDD = 64 mm

III:1
22 years: LVEDD = 49 mm; LVEF = 60%
28 years: LVEDD = 54 mm; LVEF = 55%

III:5
12 years: LVEDD = 42 mm; LVEF = 58%
19 years: LVEDD = 47 mm; LVEF = 56%

AD= Autosomal Dominant; LV = Left Ventricle; EF = Ejection Fraction; ICD = Implantable Cardioverter Defibrillator; LVEDV= Left
Ventricular End-Diastolic Volume; AF= Atrial Fibrillation; DCM= Dilated Cardiomyopathy; LVEDD= Left Ventricular End-Diastolic
Diameter.

TTN p.(Arg4738Ter) → II:2; II:5; III:1.

MYH6 p.(Val344IIe) → II:2; II:5; III:1; III:5

56 years → LVEF → 35% NYHA class II, stable in optimal medical treatment

1 2

1 2 3 4 5

1 2 3 4 5

II

III

I

1 2

1 2 3 4 5

1 2 3 4 5

II

III

•

•
•
•

•
•

Fig. 10.13 Dilated cardiotitinopathy or myosinopathy? AD autosomal dominant, AF atrial fibril-
lation, DCM dilated cardiomyopathy, LV left ventricle, EF ejection fraction, ICD implantable car-
dioverter defibrillator, LVEDD left ventricular end-diastolic diameter, LVEDV left ventricular 
end-diastolic volume

end-diastolic diameter–LVEDD = 74 mm) and the LV function severely depressed 
(LVEF = 22%). He underwent heart transplantation two years after the diagnosis. 
The two sons underwent clinical screening and regular clinical monitoring: during 
the course 23 years, one of them developed LV dilation with preserved LV function 
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(III:2), starting from the age of 40 years and one developed mild diastolic dysfunc-
tion (III:1) with preserved systolic function, starting at the age of 42 years. None of 
them developed conduction disease; one, III:2, referred an episode of non-witnessed 
syncope. 24 h ECG monitoring showed PVC (<500/24 h); EPS was negative. Both 
are now treated with beta-blockers; III:2 is further treated with ACE-I. We identified 
the p.(Tyr89*) mutation in the proband and in his two sons. We hypothesized that 

II:4

III:1

III:2

II:2

II:1

II:2

III:4

II:2

IV:1→ 20 years, clinical screening negative
IV:2→ 14 years, clinical screening negative

NEBL p.(Gly202Arg)

NEBL p.(Gly202Arg)

NEBL p.(Gly202Arg)

VUS= Variant Unknown Significance; AD= Autosomal Dominant;DCM= Dilated Cardiomyopathy; HTx= Heart Transplantation;
LVEDD= Left Ventricular End-Diastolic Diameter; LVEF= Left Ventricular Ejection Fraction; CMR= Cardiac Magnetic Resonance;
DE= Delayed Enhancement; ACE-I= ACE Inhibitors; Aff= Atrial Fibrillation/Flutter; AVB= Atrio-Ventricular Block; PVC= Premature
Ventricular Complex; LBBB= Left Bundle Branch Block; PM= Pace-Maker; ICD= Implantable Cardioverter Defibrillator; MD=
Muscular Dystrophy; TEE= Transthoracic Echocardiography; RVEF= Right Ventricular Ejetion Fraction; PAP= Pulmonary Artery
Pression Systolic; TIA= Transient Ischemic Attack; EPS= Electrophysiological Study; VF= Ventricular Fibrillation; AF= Atrial
Fibrillation.

A) II:4 → MD OH GAD EG-NEBL(p.Tyr89X) SC-III

I

1

1
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1 2

1 2

1 2

1 2

+

+

–

–

–
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3

1 2

1 2

3 4 5

93 years
–

6

1 2

1

1

2

–

–

–

+

+

+

+––

3 4

Proband → DCM → HTx

40 years → LVEDD = 54 mm; LVEF = 58%
42 years → LVEDD = 54 mm; LVEF = 55%

CMR → LV dilation
46 years → LVEDD → 54 mm; LVEF = 50%

46 years → AFF 3:1; LBBB
LVEDD = 70 mm; LVEF =30%
Treatment → ACE-I, Beta-blockers
latrogenic AVB (PQ interval = 214 msec)
Rare PVC; NYHA Class I
Segregation study → partially informative:

- No genetic testing in I:1 (would confirm);

LMNA mutation
Morpho-functional phenotype → DCM + AVB

48 years → acute fatigue and dyspnoea (NYHA III)

59 years → focal lipodystrophy

DCM with AVB (PM) → 50 years; breast cancer → death at 68
years

53-58 years → TIA → trauma; EPS = positive, self limiting VF:
PM upgrading ICD; AF: amiodarone → cornea verticillata →
dronedarone

51 years → mild clinical hypotrophy, upper limbs. CT skeletal
muscle: fat infiltration paravertebral muscles and limbs
52 years → NYHA IIIb; clinically overt muscle dystrophy.
2DTTE: LVEF = 36%; RVEF = 45%; PAPs = 45mmHg)

Complete AVB → PM with mild improvement of symptoms
(NYHA IIb). Coronary angiography: negative. Suspected lim-
girdle MD: electromyography negative; muscle biopsy: normal
findings. Supraventricular arrhythmias. 2D-TEE: LVEF = 40%;
LVEDD = 54 mm.

•
•

•

•

•

•

LMNA mutation + NEBL Variant
Morpho-functional phenotype → DCM + AVB
The NEBL variant does not seem to influence the phenotype.

- Absence of the NEBL stop mutation in I:1 and II:2
  healthy relatives (indirectly support pathogenicity).

;Increased trabeculation; no DE. ACE-I

44 years → LVEDD = 51 mm; LVEF = 60%
CMR  → no DE
50 years → LVEF = 54 mm; LVEF = 55%
Mild tricuspid regurgitation; Borderline hypertension

II

I

II

I

II

III

IV

I

II

III

IV

B) II:1 → MD OH GUndet EG-NEBL(p.Arg179X) SC-II

C) II:1 → MD(AVB) OH GAD EG-LMNA(p.Lys260Asn) SC-II

     II:1 → MD(AVB) OH GAD EG-LMNA(p.Lys260Asn) + NEBL(p.Lys 60Asn) SC-II

D) II:4 → MD(AVB)(>sCPK) OH+M GAD EG-LMNA(p.Lys171Lys) + NEBL(p.p.Gly202Arg) SC-IIb-evolved through IIIb

Symbol indicates mild diastolic dysfunction

Fig. 10.14 Four pedigrees showing families in which mutations in NEBL gene has been identi-
fied, with (a) and (b) possible disease-causing mutations and (c) and (d) showing missense gene 
VUS
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the mutation is associated with a late-onset DCM phenotype. Therefore the possibil-
ity that both III:1 and III:2 develop manifest phenotype in the next years cannot be 
excluded. The interpretation remains non-conclusive.

10.3.6.2  Case B
The proband is a 55-year-old man in which the onset of the symptoms coincided with 
the perception of profound fatigue that led him to the emergency room where he was 
diagnosed with atrial flutter (AFL) at the age of 49 years. After pharmacologic restor-
ing of sinus rhythm ECG showed left bundle branch block (LBBB); 2D-TTE demon-
strated a markedly enlarged LV (LVEDD  =  70  mm) and severely depressed LV 
function (EF = 30%). Coronary arteries were angiographically normal. He was pre-
scribed BB, ACE-I and aspirin. The patient refused the proposal of ICD implantation 
and magnetic resonance. After 7 years from onset of symptoms the patient is stable in 
NYHA class I, with iatrogenic AVB (PQ = 214 ms); EF = 37% and LVEDD = 65 mm. 
24 h Holter monitoring showed rare PVC. In this proband we identified the NEBL 
p.(Arg179*) mutation, which was absent in her clinically healthy sister and in his 
82-year-old mother. Since the father died at the age of 60 years for lung cancer, segre-
gation of the genotype with the phenotype in the family could not be further explored.

10.3.6.3  Case C
The probands are two sibs [50 (II:1) and 40 (II:2) years, respectively] who were 
addressed to the clinical attention in the same clinical occasion after the maternal 
death for HF (I:2); she was affected by ischemic heart disease, hypercholesterol-
emia, diabetes mellitus and hypertension. They were both diagnosed with DCM, 
demonstrated normal coronary arteries, absence of conduction disease on baseline 
ECG and no significant arrhythmias. 24 h ECG Holter monitoring recorded Luciani- 
Wenckebach nocturnal periodisms in II: 1 but not in II:2. In these two sibs multi-
gene panel analysis demonstrated the p.(Lys260Asn) in Lamin AC and the 
p.(Lys60Asn) in Nebulette in only one of the two sibs. This variant has been reported 
as disease-causing mutation and shown to be associated with profound morphologic 
changes in cardiac myocytes of experimental mouse model, with founders of the 
K60N line dying at 1 year of age with severe heart failure [1].

10.3.6.4  Case D
The proband complained transient dyspnoea and palpitations in the last months of 
both pregnancies (age 34 and 39 years, respectively). She was well until the age of 
48 years, when she complained acute fatigue, dyspnoea and palpitations. She was 
diagnosed with DCM and complete AVB and treated with PM implantation and ami-
odarone for atrial arrhythmias that were not controlled by BB. Amiodarone was dis-
continued after a few months for thyroid toxicity and the patient underwent ablation 
for the atrial arrhythmias. The procedure was unsuccessful. Biochemical tests showed 
mild increased sCPK.  The profound fatigue and dyspnoea suggested a possible 
myasthenia gravis, which was further excluded with specific tests; several neuro-
myology evaluations, including electromyography, tested negative. Skeletal muscle 
biopsy was non-informative. Computerized tomography (CT) of the limb and axial 
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muscles showed focal fat infiltration. The NYHA class progressed from early class II 
to IIIb: LVEF declined to 36% and the patient developed mild pulmonary hyperten-
sion (40–45 mmHg). The PM was upgraded to ICD after a positive EPS. Rhythm 
control attempts using amiodarone and dronedarone were not feasible for the devel-
opment of cornea verticillata with visual impairment and acute hepatic toxicity 
respectively. The patient suffered further progression of her focal lipodystrophy. 
Fatigue, dyspnoea and walking limitations are progressively worsening in the con-
text of a DCM characterised by very mild LV dilation (LVEDD = 52 mm) and dys-
function (LVEF  =  45%). The genetic test identified the known c.513G>A 
p.(Lys171Lys) mutation in LMNA gene [69] and the known p.(Gly202Arg) mutation 
in NEBL [66]. The synonymous LMNA change alters mRNA splicing and causes 
muscular dystrophy, limb-girdle, type 1B (LGMD1B). In this family, the mother was 
affected by DCM with AVB, treated with PM implantation at the age of 58 years; 
10 years later she developed breast cancer that was treated with trastuzumab (see 
PPCM). Clinical family screening excluded cardiac and muscle phenotypes in other 
living family members. Segregation studies showed that the p.(Gly202Arg) mutation 
in NEBL is likely a polymorphism given that the older brother (III:1) is carrier and 
healthy. The same variant has been inherited by the young healthy daughter, but not 
by the young healthy son who is carrier of the LMNA mutation.

10.3.6.5  Practical Considerations
The above-described examples suggest that NEBL-associated DCM is:

• Adult-onset and pure cardiac phenotype (cases A and B); cases reported to date, 
and our own experience in 500 DCM with 16 mutated probands did not highlight 
clinical markers (red flags) recurrently associated with the disease.

• Slowly progressing LV dilation and dysfunction in optimal medical treatment.
• Arrhythmogenic risk stratification is limited by the few genetic studies and series 

on NEBL-associated DCM; the arrhythmogenic risk seems low.
• In patients with clinical markers such as conduction disease, other disease genes 

should be investigated (see family C).
• Family history is essential for early diagnosis: at the time of first and second 

pregnancy of the proband III:4 of family D, the mother (II:2) was affected. 
Family screening, both clinical and genetic, is essential and irreplaceable.

• The role of missense NEBL variants should be interpreted cautiously (Families C 
and D).

10.4  “Arrhythmogenic” Dilated Cardiomyopathy

The diagnosis of DCM does not imply or include the description of the arrhythmo-
genic characteristics of the disease. The term “arrhythmogenic” typically pertains to 
the diagnostic definition of arrhythmogenic right ventricular cardiomyopathy (clas-
sic form) and to the two variants involving the left ventricle (biventricular and pre-
dominantly left). The disease is now termed arrhythmogenic cardiomyopathy 
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(ACM). Mutations in genes coding for desmosome proteins are one of the major 
diagnostic criteria of the Task Force 2010 for arrhythmogenic cardiomyopathies 
(right, biventricular and predominantly left) [70]. However, mutations in desmo-
some genes can be associated with DCM in patients that do not show functional 
involvement of the right ventricle or traits recurring in ACM. This is the case of the 
family shown in Fig.  10.15 that summarizes the clinical history and the genetic 
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Onset:48 years
DCM
Death HF
62 years

92 years

HF, 39 years
Peripartum (?) DCM

Death:
52 years
Thrauma

IHD
HF
SD
58 years

Onset with HF: 51 years
DCM
ICD: 53 years
MV Replacement: 66 years

Onset with 40 years

CRT-D: 62 years

HTx: 65 years

SD
55 years

1 2 3 4 5 6 7 8

IV1-8→ clinical screening: negative
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II

III

IV

III:2 → Proband → MD OH GAD EG-DSP [p.Arg1879GlyfsX3] + DSC2[p.Ala897Lysfsx4] TRPM4[p.Trp525X]+ JUP[p.lle208Val]SC-III

III:4 → MD OH GAD EG-DSP[p.Arg1879GlyfsX3] + DSC2[p.Alp897LysfsX4] + JUP [p.lle208Val] + DTNA[p.Ala20Ser]SC-IV→HTx

III:2 → 2D-TTE-Diastole

LVEF = 25-30%; LVEDD = 77 mm; LVEDV = 344 ml; IV septum and aterior LV wall: akinesia; LV thickness = 10 mm; Mitral retrograde flow = ++

Interpretation

The possible pathologic mutation is DSP p.(Arg 1879GlyfsX3) that is present in both living and affected family members (III:2 and III:4)

DSP (p.Arg1879GlyfsX3) is present in: IV: 6 and IV: 7 and absent in IV:5 and IV:8. IV-1-IV:4 are not genetically tested 

ECG HR = 62 bpm; PQ = 138msec; QRS = 90msec;
QTc = 368msec; QRS axis +62

LVDs = 46/32mm; LVEDD/height mm/m = 28.9 → by Henry =
107.3 (n.v <112%); z-score/weight and BSA = 1.26/1.18 (n.v <2.5).
IVS = 7 mm; LVPW = 7 mm; LVV 118/51ml; EF = 62%
RVEDD = 19 mm; area = 9.2/9 cm2; TAPSE = 24 mm

HR = 54 bpm; PQ = 148msec; QRS = 94msec;
QTc = 379msec; QRS axis +66

LVDs = 50/36mm; LVEDD/height mm/m = 28.9 → by Henry =
107.3 (n.v <112%); z-score/weight and BSA = 1.36/1.21 (n.v <2.5).
IVS = 9 mm; LVPW = 9 mm; LVV 121/54ml; EF = 55%
RV = 21/; RV area = 10.8/10.6 cm2; TAPSE = 22 mm

IV:6 (26 years) IV:7 (29 years)

2D-TTE

AD = Autosomal Domiant; HTx = Heart Transplantation; HF = Heart Failure; DCM = Dilated Cardiomyopathy; IHD = Ischemic Heart Disease; SD = Sudden
Death; ICD = Implantable Cardioverter Defibrillator; MV = Mitral Valve; CRT-D = Cardiac Resynchronization Therapy Device; TTE = Transthoracic
Echocardiography; TEE = Transesophageal echocardiography; LVEF = Left Ventricular Ejection Fraction; LVEDD = Left Ventricular End-Diastolic Diameter;
LVEDV = Left Ventricular End-Diastolic Volume; LV = Left Ventricle; HR = Heart Rate; LVDs = Left Ventricle Diameter Systolic; BSA = Body Surface Area;
IVS = Inter Ventricular Septum; LVPW = Left Ventricle Posterior Wall; LVV = Left Ventricle Volume; EF = Ejection Fraction; RVEDD = Right Ventricle End-
Diastolic Diameter; TAPSE = Tricuspid Annular Plane Systolic Excursion; RV = Right Ventricle.

The DSC2 p.(Ala897LysfsX4) is reported in http://www.arvcdatabase.info/ as variant without known pathogenicity.
The JUPp.(lle208Val) is novel and present in both affected family members
The TRPM4 p.(Trp525X) is novel and absent in III:4; to date mutations in this gene have been associated with progressive familial heart block
type 1b.

•
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•
•

III:2 → 2D-TEE-Systole
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Fig. 10.15 Antirhythmogenic dilated cardiomyopathy

E. Arbustini et al.



353

basis of a familial DCM with high arrhythmogenic substrate and exclusive involve-
ment of the left ventricle. The proband is a 69-year-old woman in which the first 
diagnosis of DCM coincided with acute heart failure 18 years before. During the 
long course of the disease, the patient underwent ICD implantation in primary pre-
vention, mitral valve replacement and ventricular remodelling. After surgery, she 
progressively worsened and is now in NYHA class III. Her cousin (III:4) had her 
first diagnosis of DCM at 40 years of age: the disease progressed slowly during the 
course of 25 years and she had heart transplantation at the age of 65 years. In the 
two cousins (III:2 and III:4) we identified two frameshift mutations (one in DSP and 
one in DSC2, Fig. 10.15). This implies that their related parents (II:3 and II:5) who 
could not be tested, were obligate carriers. For many years the disease of the two 
cousins was considered unrelated because the father of III:2 also had confounding 
ischemic heart disease (IHD) and the father of III:4 had died for traumatic causes. 
In addition to these two mutations, III:2 is carrier of a stop mutation in TRPM4 and 
a missense variant in JUP, while III:4 is carrier of a variant in DTNA, a gene known 
to be associated with LVNC. At present family members of the IV generation are 
clinically well, not yet convinced to have genetic testing because there is no preven-
tion strategy before early signs of disease manifest.

This family is a paradigmatic example of:

• Underestimation of family risk starting from the grandmother I:4 who died for 
heart failure (but with limited documented clinical information) after her third 
delivery, and then progressing with family member III:1 who could not undergo 
HTx for multiple organ failure (MOF) and liver disease, the confounding history 
of IHD in II:3 and the SCD in the II:4 who was affected by DCM.

• Limited answer to the question on how to prevent the manifestations of the dis-
ease; the only possible suggestion for healthy family members may address life 
styles; however, the simple switch from the formal diagnosis of DCM to ACM 
could modify the indication to ICD implantation in primary prevention accord-
ing to current guidelines. No guideline indicates ICD implantation in healthy 
relatives of DCM patients.

The open question is whether desmosome diseases should be considered as hav-
ing identical arrhythmogenic risk, irrespective of the clinical phenotype (ACM or 
DCM) and whether the phenotypic distinction makes sense once the DCM- 
associated mutation has been identified and coincides with those recurring in 
ACM. The diagnostic definition of dilated desmosomalopathy seems to accurately 
describe the phenotype. The term was proposed by Corrado et al. in 2005 [71] for 
precise description of ACM with known and typical genetic causes. In their edito-
rial, Authors anticipated the impact of precise diagnosis in the definition and clas-
sification of cardiomyopathies. Originally, desmosomalopathies described the 
classical ARVC caused by mutations in genes coding desmosome proteins (DSC, 
DSG2, etc.). The extensive screening of these genes in patients with other cardio-
myopathies demonstrated that DCM can be allelic at the same loci identified for 
ARVC. Later on, the revised task force criteria for ARVC introduced the two novel 
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phenotypes (biventricular and left dominant arrhythmogenic cardiomyopathy) asso-
ciated with mutations in these genes and genetic testing was included in the list of 
major diagnostic criteria. In clinical practice the two phenotypes may be difficult to 
distinguish from DCM, especially when biventricular involvement is present and 
instrumental markers of classic ARVC are absent.

10.4.1  Dilated Cardiomitomyopathies

In this subgroup of patients, the DCM is usually observed in the context of multi- 
organ syndromes with a peculiar risk of complications such as cryptogenic strokes 
and intolerance to several drugs [33, 72]. Mitochondrial cardiomyopathies can be 
caused by mutations in MtDNA genes (maternal inheritance) and in nuclear genes 
(Mendelian inheritance: no male passes down the disease to children) coding mito-
chondrial proteins. A third group of mitochondrial disease is represented by iatro-
genic phenocopies: mitochondrial toxicity may manifest with deafness, neuropathy, 
myopathy, cardiomyopathy, hyperlactatemia, lactic acidosis, pancreatitis and 
lipodystrophy.

The cardiac phenotype is characterized by either non-obstructive hypertrophic 
phenotype mimicking HCM evolving through LV dilation and dysfunction or by 
DCM, without significant evidence of LV wall thickening. ECG markers include 
short PR interval and possible ventricular preexcitation.

The clinical manifestations associated with mutations in mitochondrial DNA 
genes depend on the grade of heteroplasmy in affected organs. They are commonly 
observed in families in which mutation carriers also express non-cardiac traits such 
as hearing loss, palpebral ptosis, myopathy, renal failure, cryptogenic stroke, diabe-
tes, optic neuritis, and/or retinitis pigmentosa. Sequencing of MtDNA, either by 
Sanger-based techniques or NGS tools, identifies the causative mutation. Nuclear 
“Mitochondrial” cardiomyopathies are inherited according to Mendelian rules: they 
can be autosomal dominant or recessive. Typical cardiac phenotypes are primarily 
DCM such as in the autosomal recessive DCM caused by ANT1 mutations or in 
autosomal dominant DCM and progressive external ophthalmoplegia caused by 
POLG1 mutations.

10.4.1.1  Mitochondrial DNA Defect Related Cardiomyopathy
The proband is a 50-year-old female with a complex clinical history that started 
with sensorineural hearing loss since the age of 6 years (Fig. 10.16). Her mother 
died at the age of 54  years: she suffered hearing loss, diabetes, heart and renal 
failure.

The patient had one miscarriage and a full-term pregnancy with a male child; she 
developed hypertension, insulin-dependent diabetes mellitus, dyslipidemia and 
obesity in her young adulthood. At the age of 45 years her ECG showed inferior Q 
wave and low progression of R wave in septal leads that were not present in prior 
ECG. The 2D-TTE did not show significant abnormalities; she refused coronary 
angiography. During the following months her diabetes rapidly worsened with two 
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episodes of diabetic coma. She did not complain angina or syncope. She was 
addressed to our centre for the recent onset dyspnoea on effort (NYHA II). Her 
ECG showed Q wave in leads D2, D3, aVF, V4–V6 with low progression of R wave 
from V1 to V6, normal PQ interval (170 ms), slight prolongation of the corrected 
QT interval (467 ms), and LV overload. Her echocardiogram showed mildly dilated 
LV (LVEDD = 53 mm), decreased LVEF = 42%, increased LA diameter (45 mm), 
mild mitral regurgitation, maximal LV thickness = 13 mm; more prominent at the 
septal level. She was diagnosed with dilated HCM. The genetic testing identified the 
MT-TL1-A3243G heteroplasmic mutation in the mitochondrial DNA. Kidney func-
tional tests demonstrated 2.19  mg/dl creatinin level. Brain Magnetic resonance 
showed pituitary microadenoma (8 mm): the endocrinologic evaluation excluded 
functional effects. Coronary angiography showed double vessel disease (ostial left 
anterior descending artery and 1st marginal branch). The patient is stable in NYHA 
class IIb. Her son is 18-year-old, asymptomatic, carrier of the maternal mutation 
with current negative instrumental evaluation.

I

III

II

Hearing loss

Hearing loss: 6years
Hearing loss

IHD
CABG
PM at 70 years
Death at 77 years

1

Diabetes

Diabetes

Renal failure
Heart failure
Death: 54 years

50 years

Obesity

Hypertension
Chronic renal failure
Last LVEF= 35%
Last LVEDD= 53mm

Last ECG

2

2D-TTE

1

1 2

2

EMB: Electron micrographs showing mitochondrial abnormalities

DCM= Dilated Cardiomyopathy; IHD= Ischemic Heart Disease; CABG= Coronary Artery Bypass Graft; TTE= Transthoracic Echocardiography; LVEF= Left Ventricular Ejection Fraction;

LVEDD= Left Ventricular End-Diastolic Diameter; EMB= Endomyocardial Biopsy.

MH+D SC-IIbOH,M,A,K GM EG-MTDNA [MT-TL1 - A3243G heteroplasmic]

Fig. 10.16 Mitochondrial DCM in MELAS
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The above example helps highlighting the key issues in diseases caused by mito-
chondrial DNA mutations:

• Matrilineal inheritance is characterized by transmission of the MtDNA defects 
from mothers to offspring, both males and females; fathers do not pass down the 
mutation to offspring. Therefore an MtDNA mutation cannot cause cardiomy-
opathy in a father and his son.

• The phenotype manifestations depend upon the amount of mutated MtDNA in 
the different organs/tissues and by a tissue-specific threshold level, usually 
around 90%.

• Organs/tissues involvement can vary in different affected members of the same 
family.

• Prenatal diagnosis is feasible but does not inform about the risk of manifested 
phenotype.

10.4.2  DCM in Myotonic Dystrophy Type 1 (DM1): Steinert 
Disease

Myotonic dystrophy type 1 (DM1) (MIM#160900) is the most common adult-onset 
hereditary muscle disease, with an estimated prevalence around 1:9000 [73]. DM1 
is caused by expansion of a CTG trinucleotide repeat in the non-coding region of 
Dystrophia Myotonica Protein Kinase (DMPK) gene. Myotonic dystrophy type 2 
(DM2) is less common and is caused by heterozygous expansion of a CCTG repeat 
in intron 1 of the zinc finger protein-9 gene (ZNF9) (MIM#602668). DM1 is inher-
ited in an autosomal dominant mode. A length exceeding 34 CTG repeats in DMPK 
is abnormal. Molecular genetic testing detects the mutation in nearly 100% of 
affected individuals. Pathogenic alleles may expand in length during gametogene-
sis, resulting in the transmission of longer trinucleotide repeat alleles that may be 
associated with earlier onset and more severe phenotype than that observed in the 
carrier parent. The carrier parent may not show traits of disease and the DCM can 
appear as sporadic, especially in small families. Prenatal testing is possible for preg-
nancies at increased risk when the diagnosis of DM1 has been confirmed by molec-
ular genetic testing in an affected family member. The heart is frequently involved: 
the most common cardiac manifestation is conduction disease with or without LV 
dilation and dysfunction. Cardiologists are involved either as consultants in patients 
with recognised and diagnosed DM1 or as major players in the diagnosis when the 
disease onset coincides with arrhythmias or AVB and muscle manifestations are still 
latent or mild and unrecognized.

In the proband shown in Fig. 10.17 the first clinical report is the ECG that was 
performed at the military service physical exam showing a right bundle branch 
block (RBBB) (information from the narrative of the patient). During the course of 
10 years the patient developed mild muscle weakness, overt signs of myopathy/
dystrophy with mild increased sCPK (max = 345 U/L), palpebral ptosis, dysphagia, 
conduction disease (AVB) and mild DCM. The clinical screening of his relatives 
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was negative (both ECG and 2D-TTE); the father was diagnosed with hypertension. 
The cardiomyopathy looked sporadic. However, genetic testing demonstrated a 
DMPK gene mutation that was inherited from his “phenotypically healthy” mother. 
Expanded genetic testing identified two additional digenic variants whose impact 
on the phenotype seemed null, given that both father and mother were phenotypi-
cally healthy.

This case gives the opportunity of a few specific considerations:

 1. Cardiologists can be involved in the management of the cardiac manifestations 
in patients with recognized and diagnosed DM1 or when the disease onset coin-
cides with supraventricular and ventricular arrhythmias or AVB and muscular 
symptoms are still latent or mild and unrecognized.

 2. The DCM phenotype can occur as a result of the DMPK gene defect or be associ-
ated with mutations in genes that typically cause DCM.

 3. Both DM1 and DCM are autosomal dominant diseases; genetic testing plays a 
key role in unravelling the genetic cause of the cardiomyopathy especially when 
the parent carrier of the expanded allele does not coincide with the one affected 
by DCM.

 4. When DMPK defect is isolated, the DCM phenotype usually progresses slowly, 
and often remains stable for decades. However, the high arrhythmic risk is well 
known and the ICD implantation for primary prevention of sudden death in DM1 
patients is recommended as class IIb, level of evidence B, in 2015 ESC guide-
lines on primary prevention in cardiomyopathies [39].

A) “Phenotypically” sporadic, mild DCM with conduction disease

Proband, History

Age = 18 years

First clinical record military service physical exam:

RBBB

2D-TTE described as normal

I

II

1 2

1 2

Proband: 28 years Dysphagia, dysphonia, mildly dilated

cardiomyopathy, AVB, muscle weakness; no cataract;

premature baldness; no significant endocrine distrurbances;

mild increase of sCPK = 252

Father, 52 years clinical screening negative; known arterial

clinical screening negative; normal sCPK

clinical screening negative

hypertension; follow-up: LV thickness = 10 mm

Mother, 45 years

levels; no documented arrhythmias or conduction defects

Sister, 25 years

Expanded genetic testing: 2 VUS

DMPK

MYH6

MYH6 and KCNA5 = negative

KCNA5

= E2 allele (500-1000 CTG repeats)

DMPK = ~100-150 CTG repeats)

DMPK = normal allele

DMPK = normal allele

[c.4651-3C>A]

MYH6 [c.4651-3C>A]

[c.4651-3C>A][E2 - 500-1000 CTG]

[p.Gly63_Pro73del]

KCNA5

KCNA5

[p.Gly63_Pro73del]

[p.Gly63_Pro73del]MD(AVB) OH,M,GE SC-IIEG-DMPKGAD + MYH6 +

RBBB= Right Bundle Branch Block; TTE= Transthoracic Echocardiography; AVB= Atrio-Ventricular Block.

Fig. 10.17 Steinert muscle dystrophy and cardiomyopathy
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10.5  Peripartum Cardiomyopathy (PPCM)

In the Workshop held by the National Heart Lung and Blood Institute and the Office 
of Rare Diseases (2000) Peripartum cardiomyopathy (PPCM) was defined as a “rare 
life-threatening cardiomyopathy of unknown cause that occurs in the peripartum 
period in previously healthy women: diagnosis is confined to a narrow period and 
requires echocardiographic evidence of LV systolic dysfunction” [74]. According to 
the ESC, “PPCM is an idiopathic cardiomyopathy presenting with HF secondary to 
LV systolic dysfunction towards the end of pregnancy or in the months following 
delivery, where no other cause of HF is found. It is a diagnosis of exclusion”. The LV 
may not be dilated but the ejection fraction is nearly always reduced below 45% [75]. 
In both definitions the condition is “idiopathic” (no detectable cause of heart failure); 
the temporal appearance is in the last month of pregnancy or during the first 5 months 
postpartum; pre-existing known heart disease is absent; the diagnosis is confirmed 
by the regression of PPCM within 12 months after delivery [75, 76]. Risk factors for 
PPCM include advanced age (>30 years), multiparity, African American race, obe-
sity, substance use, preeclampsia, and chronic hypertension [76]. Etiologic hypoth-
eses include familial/genetic predisposition, maladaptive response to hemodynamic 
stresses of pregnancy, stress-activated cytokines, malnutrition and selenium defi-
ciency, fetal microchimerism, prolactin, and prolonged tocolysis [77]. Genetic 
hypothesis is supported by a recent study reporting truncation- predicting variants in 
Titin gene in PPCM (15%) (vs. 17% in DCM) [60]. The hemodynamic changes in the 
last trimester of pregnancy may contribute to unmask an underlying asymptomatic 
genetic disease, either absent or unrecognized before pregnancy and delivery.

Figure 10.18 shows two paradigmatic examples of women diagnosed with 
PPCM, all fulfilling current diagnostic criteria for PPCM. The two cases deserve a 
few and different considerations:

10.5.1  Case A

The proband was incidentally diagnosed with atrial fibrillation (AF) at the age of 
34 years. After many unsuccessful attempts to restore sinus rhythm (medical ther-
apy, shocks, ablations) the chronic AF was treated with amiodarone and warfarin. 
The LV function and dimensions were normal. However, 10 years later she experi-
enced cardiac arrest that was successfully resuscitated. She developed third degree 
AVB and she underwent PM-ICD implantation. She received an ICD shock in 
response to ventricular tachycardia. Cardiologic investigations included 2D-TTE 
that demonstrated severe LV dysfunction and dilation with enlarged left atrium; 
coronary angiography showed normal coronary arteries. She underwent heart trans-
plantation 11 years after the onset of the first AF episode.

Considerations:

• The maternal history was underestimated. In fact the mother had died at the age 
of 26 years, 15 days after delivery (die in childbirth), an event that was consid-
ered a non-preventable misfortune. The poorly informative medical reports after 
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discharge from the obstetric department only described lower limb oedema that 
was attributed to the delivery and construed as liable to spontaneous resolution.

• The genetic test performed in the proband demonstrated a truncating protein 
mutation in the LMNA gene. The gene tested negative in the father, who is alive 
and well. Although likely, we cannot demonstrate that the mother was carrier of 
the same mutation. The maternal family is small and non-informative thus pre-
venting extension of family screening to maternal relatives.

• The open question is whether an earlier diagnosis could have modified the evolu-
tion of the disease. For sure the timely identification of the cardiac laminopathy 
would have led to ICD implantation before the cardiac arrest.

10.5.2  Case B

After the acute onset of HF a few days after delivery, the LV function partially 
recovered and the patient was regularly followed-up and optimally treated for 
15 years. During this long period of time the clinical conditions were stable. The 
relapse was with acute pulmonary oedema; the LV function was severely depressed; 
an ICD was implanted in primary prevention without discharge during the course of 
12 months, when no significant improvement of the LV function was achieved and 
the patient was addressed to HTx.

This case gives a few considerations:

 1. The paternal family history was ignored: he suffered chronic renal failure and 
DCM that was attributed to juvenile malignant arterial hypertension. The pater-
nal uncle (II:2) had died for the consequences of a stroke (probably, but not 

Case A)

Case A) Family 25 years later Case C) Family 11 years laterCase B) Family 16 years later

Index Patient: Onset Case B) Case c)Index patient: Onset age 43
(post-myocarditis)
Baseline Family screening: negative Baseline Family screening: negative

(Scleroderma) years after osteosarcoma.
Baseline Family screening: negative

Clinical monitoring of the family during the
course of 25 years.

Clinical monitoring of the family during the course of 16 years:
children of the fourth generation underwent baseline ECG and
2D-TEE only.

Ondex Patient: Onset age 21 years, 7

Heart transplantation: age 23
Clinical monitoring of the family during the 
course of 11 years: negative.
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Fig. 10.18 Peripartum cardiomyopathy: often the pregnancy unmasks pre-existing asymptomatic 
cardiomyopathy
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proven) triggered by atrial fibrillation; his son had died suddenly, shortly after a 
medical examination (only including ECG, Chest X-ray and clinical evaluation) 
for recent palpitations and chest pain attributed to stress and suspected thyroid 
dysfunction (biochemical tests had been planned but not performed): medical 
reports describe mildly increased cardiac shadow and a few PVC and RBBB. The 
cause of death was attributed to acute myocardial infarction but autopsy was not 
performed.

 2. The diagnosis of PPCM in the proband was typical in terms of closeness to deliv-
ery, systolic dysfunction and absence of heart disease before pregnancy. A pos-
sible genetic cause was not suspected. The baseline cardiac evaluation before 
pregnancy was not available and the possible presence of asymptomatic DCM is 
unknown. The only pre-delivery cardiologic test was an ECG that did not show 
significant abnormalities. The cascade of cardiac events led to heart transplanta-
tion 15 years after the onset of symptoms.

 3. Today, the increasing awareness of familial DCM would probably modify the 
interpretation of the cause of the DCM; the family history would be considered 
as a warning and the patient would undergo cardiology evaluation including 
ECG and 2D-TTE. This would provide a baseline evaluation that could either 
demonstrate a clinically silent DCM or a normally sized and functioning LV and 
therefore support the hypothesis of PPCM.

10.6  Non-Genetic DCM

Non-genetic DCM (Fig.  10.19) includes autoimmune, inflammatory and toxic 
forms [1–3, 15, 26]. The role of genetic defects should be theoretically excluded. 
However, the etiologic scenario of the autoimmune and inflammatory diseases is 
rapidly evolving. In the past, the etiologic basis of non-genetic DCM was consid-
ered to be polygenic or multifactorial. However, new discoveries now demonstrate 
that, in an increasing proportion of these diseases, the causes are genetic frequently 
affecting the Interleukin pathway [78].

The diagnostic work-up of post-inflammatory and autoimmune/immune- 
mediated DCM is extensively described in the recent document of the Working 
Group on Myocardial and Pericardial Diseases of the ESC [79]. The clinical phe-
notype of patient with DCM phenotype caused by infectious, autoimmune and 
toxic noxae should be entirely sustained by the given causes. The follow-up of 
index patients and families is, once again, a robust contributor to the evidence that 
relatives do not develop the disease. A major confirmatory role of the correct 
interpretation of the acquired cause of DCM is the long-term follow-up of the 
families. The three examples in Fig. 10.19 give an immediate view on how the 
long-term monitoring of the family (demonstrating that the disease does not 
appear in relatives of the index patient) confirms the non-genetic origin of the 
disease.
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 Conclusions
Although DCM can be grouped mechanistically as genetic and non-genetic, 
most DCMs are familial diseases with heterogeneous genetic causes. 
Mutations in more than 100 disease genes playing in different pathways are 
associated with a similar end-cardiac phenotype: LV dilation and dysfunction. 
The precise diagnosis (identification of the cause) starts with clinical hypoth-
esis that should be generated on the basis of deep phenotyping of the proband 
and family, clinical history and pathology investigations. Clinical family 
screening is often sufficient to clinically diagnose familial DCM. Genetic test 
is first performed in probands and then followed by cascade family screening, 
when gene mutations or variants are identified. Segregation studies in families 
are major contributors to the assignment of a causative role of the mutation in 
the family. Pathologic studies or in vitro tests can further add information on 
the potential functional effects of the mutations on the expression of the 
mutated protein.
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Abstract
Arrhythmogenic Cardiomyopathy (AC) is characterized by cardiomyocyte death 
with fibro-fatty repair, clinically manifesting with palpitations, syncope or car-
diac arrest usually in adolescence or young adulthood. AC represents one of the 
major causes of sudden death in the young and athletes. The estimated preva-
lence of AC in the general population ranges from 1:2000 to 1:5000. AC affects 
more frequently males than females (up to 3:1), despite a similar prevalence of 
carrier status, and due to age-related penetrance becomes clinically overt most 
often in the second-fourth decade of life.

Keywords
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11.1  Introduction

Arrhythmogenic Cardiomyopathy (AC) is characterized by cardiomyocyte death 
with fibro-fatty repair, clinically manifesting with palpitations, syncope or cardiac 
arrest usually in adolescence or young adulthood [1–5]. AC represents one of the 
major causes of sudden death in the young and athletes [1, 6, 7]. The estimated 
prevalence of AC in the general population ranges from 1:2000 to 1:5000 [3, 5]. AC 
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affects more frequently males than females (up to 3:1), despite a similar prevalence 
of carrier status, and due to age-related penetrance becomes clinically overt most 
often in the second-fourth decade of life [3, 5].

Advances in DNA sequencing have led to the identification of more than ten 
disease-causative genes associated with AC.  Nearly half of AC-patients harbor 
mutations in genes encoding desmosomal proteins and less than 1% carry mutations 
in non-desmosomal genes [7].

A familial background consistent with an autosomal-dominant trait of inheri-
tance is described in 50% of AC-patients, even if recessive variants have also been 
reported, either associated or not with palmoplantar keratosis and woolly hair. The 
inheritance pattern of AC is more complex than previously appreciated, with fre-
quent requirement for more than one mutation for fully penetrant disease. 
Compound/digenic heterozygosity was identified in up to 25% of AC-causing des-
mosomal gene mutation carriers, explaining in part the phenotypic variability.

In the era of Next Generation Sequencing (NGS), parallel analysis of thousand 
genes is feasible and many rare variants can be detected, so the challenge is to dis-
tinguish causative mutations from the genetic noise since genetic testing.

11.2  Major Clinical and Pathologic Features

11.2.1  Clinical Case 1

20-year-old soccer player died suddenly while watching a game with friends at 
home [8]. At annual preparticipation screening, electrocardiogram (ECG) was nor-
mal with consequent sport eligibility (Fig. 11.1a). History for juvenile sudden death 
and hypertrophic cardiomyopathy was reported on the mother’s side of the family. 
Postmortem examination of the heart showed normal dimensions (weight, 347 g; 
wall thicknesses of left ventricle (LV) and septum 13 mm and right ventricle (RV), 
3 mm), in the absence of aneurysms or chamber dilatation; a subepicardial scar-like 
grey rim was evident in the anterolateral and posterior LV free wall and in the sep-
tum (Fig. 11.1b).

Coronary arteries had a normal origin and course, with patent lumen. Histological 
examination revealed extensive subepicardial and intramural fibrous replacement 
with scarce fatty tissue infiltration, involving the entire LV circumference and the 
septum (Fig. 11.1c). Right ventricular involvement was only focally detected, in the 
anterior wall. The features were in keeping with either chronic myocarditis or left- 
dominant AC.

At postmortem, molecular pathology investigation by polymerase chain reaction 
ruled out the presence of viral genomes in the myocardium. Genetic testing of all 
AC-related genes was performed on DNA isolated from frozen tissue sample. A 
heterozygous nonsense mutation of desmoplakin (DSP) at position c.448C>T in 
exon 4, resulting in a premature stop codon and truncation (p.Arg150Stop) at the 
N-terminal domain of the protein, was detected in the proband (Fig. 11.1d). All fam-
ily members underwent genetic screening that identified the same DSP mutation in 
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A. Classic ECG changes in AC B. Typical Pathological

a

c

b

Fig. 11.1 (a) Basal 12-lead ECG at annual preparticipation screening showing normal findings. 
(b) Transverse section of the heart showing a subepicardial scar-like grey rim in the anterolateral 
and posterior LV free wall and in the septum, in the absence of wall thinning and aneurysm forma-
tion. (c) Histological examination revealed focal RV involvement (on the left) and extensive cir-
cumferential, subepicardial, and intramural fibrous replacement of the LV free wall (on the right). 
LV indicates left ventricle; and RV, right ventricle. (d) Family pedigree with autosomal dominant 
inheritance of the disease of a denovo mutation. Squares  =  male sex, circles  =  female sex, 
arrow = proband. Black squares/circles = mutation carriers, DSP = desmoplakin. PVC = premature 
ventricular complexes

the 54-year-old father and the 19-year old sister. Interestingly, the father appeared to 
be the first mutation carrier in the family, suggesting a dominant de novo mutation.

The 54-year-old asymptomatic father showed low QRS voltages and a single 
premature ventricular complex (PVC) with a left bundle branch block (LBBB) pat-
tern at 12-lead ECG; signal-averaged ECG was positive at 2 filters (40 and 80 Hz). 
Echocardiography was normal, whereas cine cardiac magnetic resonance (CMR) 
showed anterolateral RV dyskinesia; LV posterolateral late enhancement (LE) was 
evident on contrast enhanced (CE)–CMR.

The 19-year-old sister has been followed-up since the age of 9 for idiopathic ven-
tricular arrhythmias (PVCs with an LBBB pattern) discovered at preparticipation 
screening. Pharmacological therapy was undertaken with solatol (50 mg × 2). Low 
QRS voltage, inverted T wave in lead V1, incomplete right bundle branch block, and 
a nonpathological Q wave in inferior leads were found; late potentials were absent at 
all filters. Frequent PVCs (>500/24 h) were detected at Holter monitoring.

Echocardiography was normal; cine-CMR showed subtricuspid and RV outflow 
tract dyskinesia; CE-CMR revealed circumferential subepicardial LV LE.  Both 
father and sister reached a borderline AC diagnosis according to the 2010 Task 
Force Criteria-TFC [9]. However, LV LE at CE-CMR and low QRS voltages in the 
peripheral leads on ECG were highly suggestive for a left-dominant form of AC, 
and an implantable cardioverter defibrillator was recommended.
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Fig. 11.1 (continued)

Outcome Autopsy including postmortem genetic test allowed a final diagnosis of 
left-dominant AC as cause of sudden death. As such, it was the starting point for 
cascade genetic screening of the family members and cardiological workup, includ-
ing CE-CMR in mutation carriers, despite the absence of morphofunctional abnor-
malities at 2-dimensional echocardiography. These data further highlight the 
importance of comprehensive genetic screening, the limitations of 2010 TFC crite-
ria for LV AC and the fundamental role of CE-CMR in achieving the correct diag-
nosis in gene mutation carriers.
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11.2.2  Pathological Features

AC is a “structural” cardiomyopathy characterized by the replacement of the ven-
tricular myocardium by fibro-fatty tissue [1, 2]. Myocardial atrophy occurs pro-
gressively with time, starts from the epicardium and eventually extends down to 
reach the endocardium as to become transmural. This entity should not be con-
fused with Uhl’s disease, a congenital heart defect in which the RV myocardium 
fails to develop during embryonic life [10, 11]. The gross pathognomonic features 
of AC consist of RV aneurysms, whether single or multiple, located in the so-called 
“triangle of dysplasia” (i.e. inflow, apex and outflow tract) [2]. Up to 76% of the 
AC hearts studied at post-mortem revealed isolated or predominant LV involve-
ment, usually limited to the subepicardium or midmural layers of the postero-lat-
eral free wall [2, 4, 12]. Hearts with end-stage disease and congestive heart failure 
exhibit multiple RV aneurysms, thinning of the RV free wall and huge chamber 
dilatation, with a high prevalence of biventricular involvement, while the ventricu-
lar septum is mostly spared [2].

Histological examination reveals islands of surviving myocytes, interspersed 
with fibrous and fatty tissue [1, 2]. Fatty infiltration of the RV is not a sufficient 
morphologic hallmark of AC [13] and replacement-type fibrosis and myocyte 
degenerative changes should be always searched for. Myocyte necrosis is seldom 
evident and may be associated with inflammatory infiltrates [2]. Myocardial 
inflammation has been reported in up to 75% of hearts at autopsy [14]. An apop-
totic mechanism of myocyte death has been also proven in humans [15, 16]. Rather 
than being a continuous ongoing process, disease progression may occur through 
periodic “acute bursts” of an otherwise stable disease, as to mimic “infarct-like” 
myocarditis or simulate myocardial infarction. In a desmoglein-2 transgenic ani-
mal model, spontaneous myocyte necrosis was demonstrated to be the key initiator 
of myocardial injury, triggering progressive myocardial damage, followed by an 
inflammatory response [17]. The detection of viral genomes in humans led to the 
possibility of an infective viral etiology, but it is most likely that either viruses are 
innocent bystanders or that myocardial cell degeneration may serve as a milieu 
favoring viral settlement [18].

11.2.3  Clinical Features and Natural History

Clinical manifestations vary with age and stage of disease [9]. Heart palpitations, 
syncope, or cardiac arrest are common in young adults or adolescents. However 
the most common signs of AC are PVCs or ventricular tachycardia (VT) with 
LBBB morphology and T-wave inversion in V1- V3 on ECG. Less common pre-
sentations are RV or biventricular dilatation, with or without heart failure symp-
toms, mimicking dilated cardiomyopathy and requiring heart transplantation at 
the end-stage.
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Frequent non-specific clinical features comprise myocarditis or a myocardial 
infarction like-picture with chest pain, dynamic ST-T wave changes on the 12-lead 
ECG, myocardial enzyme release in the setting of normal coronary arteries [3].

The four phases of RV AC are described in Box 11.1 [19].

Electrical instability that may lead to arrhythmic sudden death can occur at any 
time during the course of the disease [3, 5, 6, 21, 22]. AC has been reported as the 
second leading cause of sudden death in the young and the first cause in competitive 
athletes in the Veneto Region in Italy [1, 6, 21]. The incidence of sudden death ranges 
from 0.08 to 3.6% per year in adults with AC [3, 5, 22]. While patients with an overt 
disease phenotype more often experience scar-related re-entrant VT, those with an 
early stage or “hot phase” of the disease may manifestate with ventricular fibrillation 
(VF) due to acute myocyte death and reactive inflammation [20]. More recently, gap 
junction remodeling and sodium channel interference have been advanced in experi-
mental models as an alternative explanation for life-threatening arrhythmias even in 
the pre-phenotypic disease stage [22, 23].

AC diagnosis requires multiple criteria, combining different sources of diagnos-
tic information, such as morpho-functional (by echocardiography and/ or angiogra-
phy and/ or CMR), histopathological on endomyocardial biopsy, ECG, arrhythmias 
and familial history, including genetics. The diagnostic criteria, originally put for-
ward in 1994 [24], were revised in 2010 to improve diagnostic sensitivity, but with 
the important prerequisite of maintaining diagnostic specificity (Table 11.1) [9]. To 
this aim, quantitative parameters have been included and abnormalities are defined, 
based on the comparison with normal subject data. Moreover, T-wave inversion in 
V1-V3, and VT with a LBBB morphology with superior or indeterminate QRS axis 
(either sustained or no sustained), have become major diagnostic criteria [25]; and 
T-wave inversion in V1-V2 in the absence of right bundle branch block (RBBB), and 
in V1-V4, in the presence of complete RBBB, has been included among the minor 
criteria. Finally, in the family history category, the confirmation of AC in a first- 
degree relative, by either meeting current criteria or pathologically (at autopsy or 
transplantation), and the identification of a pathogenic mutation, categorized as 
associated or probably associated with AC, are considered major criteria. Because 
of the diagnostic implications, however, caution is highly recommended since the 
pathogenic significance of a single mutation is increasingly questioned (see genetic 
section 11-c-3).

 Box 11.1 Natural History of the Classic AC Variant:
 1. Concealed—with subtle RV structural changes, with or without ventricular 

arrhythmias, during which sudden death may even be the first disease 
presentation.

 2. Overt electrical disorder—with symptomatic life-threatening ventricular 
arrhythmias associated with clear-cut RV morpho-functional abnormalities.

 3. RV failure—due to progression and extension of the RV disease
 4. Biventricular failure—caused also by pronounced LV disease.

K. Pilichou et al.



373

Table 11.1 2010 Revised Task Force Criteria for arrhythmogenic cardiomyopathy

    1. Global or Regional dysfunction and structural alterationsa

Major By 2D echo Regional RV akinesia, dyskinesia, or aneurysm and one of the 
following (end-diastole):
•  PLAX RVOT ≥32 mm (corrected for body size [PLAX/

BSA] ≥19 mm/m2)
•  PSAX RVOT ≥36 mm (corrected for body size [PSAX/

BSA] ≥21 mm/m2)
• or fractional area change ≤33%

By CMR Regional RV akinesia or dyskinesia or dyssynchronous RV 
contraction and one of the following:
•  Ratio of RV end-diastolic volume to BSA ≥110 mL/m2 

(male) or ≥100 mL/m2 (female)
• or RV ejection fraction ≤40%

By RV angiography Regional RV akinesia, dyskinesia, or aneurysm
Minor By 2D echo Regional RV akinesia or dyskinesia and one of the following 

(end diastole):
•  PLAX RVOT ≥29 to <32 mm (corrected for body size 

[PLAX/BSA] ≥16 to <19 m/m2)
•  PSAX RVOT ≥32 to <36 mm (corrected for body size 

[PSAX/BSA] ≥18 to <21 mm/m2)
• or fractional area change >33% to ≤40%

By CMR Regional RV akinesia or dyskinesia or dyssynchronous RV 
contraction and one of the following:
•  Ratio of RV end-diastolic volume to BSA ≥100 to <110 mL/

m2 (male) or ≥90 to <100 mL/m2 (female)
• or RV ejection fraction >40% to ≤45%

    2. Tissue characterization of ventricular wall
Major Fibrofatty replacement of myocardium on endomyocardial biopsy

  Residual myocytes <60% by morphometric analysis (or <50% if estimated), with 
fibrous replacement of the RV free wall myocardium in ≥1 sample, with or without 
fatty replacement of tissue on EMB

Minor Residual myocytes <60% by morphometric analysis (or <50% if estimated), with 
fibrous replacement of the RV free wall myocardium in ≥1 sample, with or without 
fatty replacement of tissue on EMB

    3. Repolarization abnormalities
Major •  Inverted T waves in right precordial leads (V1, V2, and V3) or beyond in individuals 

>14 years of age (in the absence of complete RBBB QRS ≥120 ms)
Minor •  Inverted T waves in leads V1 and V2 in individuals >14 years of age (in the absence 

of complete RBBB) or in V4, V5, or V6
    •  Inverted T waves in leads V1, V2, V3, and V4 in individuals >14 years of age in 

the presence of complete RBBB
    4. Depolarization/conduction abnormalities
Major •  Epsilon wave (reproducible low-amplitude signals between end of QRS complex to 

onset of the T wave) in the right precordial leads (V1 to V3)

(continued)

11 Arrhythmogenic cardiomyopathy in a 20 year soccer player who died suddenly



374

AC diagnosis is exceptionally made below the age of 10, due to absent or limited 
morpho-functional phenotype age-related [3, 5, 26]. Syncope, palpitations and ven-
tricular arrhythmias are also common in the pediatric age [26]. Adult-based diag-
nostic criteria are valid in the pediatric age group as well, exception made for 
inverted T wave in right precordial leads in children <12 years of age, which is often 
normal [27]. Non-invasive clinical investigation follow-up in children with a family 
and/ or personal history suspicious for AC or healthy gene carriers, is recommended 
to monitor the pending disease onset in the pubertal period.

Table 11.1 (continued)

Minor •  Late potentials by SAECG in ≥1 of 3 parameters in the absence of a QRS duration 
of ≥110 ms on the standard ECG

    • Filtered QRS duration (fQRS) ≥114 ms
    • Duration of terminal QRS <40 μV (low-amplitude signal duration) ≥38 ms
    • Root-mean-square voltage of terminal 40 ms ≤20 μV
    •  Terminal activation duration of QRS ≥55 ms measured from the nadir of the S 

wave to the end of the QRS, including R’, in V1, V2, or V3, in the absence of 
complete RBBB

    5. Arrhythmias
Major •  Nonsustained or sustained VT of LBBB morphology with superior axis (negative or 

indeterminate QRS in leads II, III, and aVF and positive in lead aVL)
Minor •  Nonsustained or sustained VT of RVOT, LBBB morphology with inferior axis 

(positive QRS in leads II, III, and aVF and negative in lead aVL) or of unknown axis
    • >500 PVCs per 24 h (Holter)

    6. Family history
Major • AC confirmed in a first-degree relative who meets current Task Force criteria

    • AC confirmed pathologically at autopsy or surgery in a first-degree relative
    •  Identification of a pathogenic mutationb categorized as associated or probably 

associated with AC in the patient under evaluation
Minor •  History of AC in a first-degree relative in whom it is not possible or practical to 

determine whether the family member meets current Task Force criteria
         Premature sudden death (35 years of age) due to suspected AC in a first-degree 

relative
         AC confirmed pathologically or by current Task Force Criteria in second- degree 

relative

Two major, or one major and two minor, or four minor criteria from different categories: definite 
AC diagnosis. One major and one minor, or three minor criteria: borderline AC diagnosis. One 
major of two minor criteria: possible AC diagnosis
aHypokinesis is not included in the definition of RV regional wall motion abnormalities in the 
proposed modified criteria
bA pathogenic mutation is a DNA alteration associated with AC that alters or is expected to alter 
the encoded protein, is unobserved or rare in a large non-AC control population, and either alters 
or is predicted to alter the structure or function of the protein or has demonstrated linkage to the 
disease phenotype in a conclusive pedigree
BSA body surface area, CMR cardiac magnetic resonance, EMB endomyocardial biopsy, LBBB left 
bundle branch block, PLAX parasternal long-axis view, PSAX parasternal short-axis view, PVC 
premature ventricular complex, RBBB right bundle branch block, RV right ventricle, RVOT RV 
outflow tract, VT ventricular tachycardia
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The revised 2010 criteria can easily recognize RV and BV AC but lacks specific 
diagnostic guidelines for the non-classical LV disease pattern. ECG abnormalities 
such as lateral or inferolateral T-wave inversion (leads V5, V6, LI, and aVL), low 
voltage QRS complex on peripheral leads and RBBB/ polymorphic ventricular 
arrhythmias suggest a left-side involvement [28]. Contrast-enhanced CMR is the 
more sensitive imaging diagnostic tool to detect LV involvement by non-invasive 
tissue characterization [29]. LV involvement should be considered a mirror of RV 
involvement [29, 30]. Late gadolinium enhancement is in fact by far a more- sensitive 
indicator of even early or minor left-sided disease, and is detected frequently in a 
segment without a concomitant morphofunctional wall-motion abnormality, thus 
preceding the onset of LV dysfunction or dilatation. Typically, LV late gadolinium 
enhancement involves the inferolateral and inferoseptal regions, and affects the sub-
epicardial or midwall layers (so called non-ischemic LV scars). Differential diagno-
sis with dilated cardiomyopathy and chronic myocarditis is mandatory for 
risk-stratification and familial-evaluation purposes. The propensity to electrical 
instability that exceeds the degree of ventricular dysfunction is typical of LV AC, in 
contrast to dilated cardiomyopathy where life-threatening ventricular arrhythmias 
usually occur in the setting of systolic dysfunction with low ejection fraction 
(<35%). Moreover, a regional rather than global involvement is more in keeping 
with AC, particularly when RV abnormalities are prominent.

11.2.3.1  Differential Diagnosis
Diagnostic dilemmas comprise myocarditis, sarcoidosis, RV infarction, dilated cardio-
myopathy, Chagas disease, Brugada syndrome, idiopathic RV outflow tract VT, pulmo-
nary hypertension and congenital heart disease with right chambers overload [3, 31].

Endomyocardial biopsy from the RV free wall, where the fibrofatty replacement 
is detectable and transmural, is crucial in selected cases to reach the final diagnosis 
ruling out in vivo the so-called phenocopies, such as myocarditis and sarcoidosis, 
especially when dealing with probands with sporadic forms, and in the setting of 
negative or doubtful CMR and/ or electrovoltage mapping [9, 32]. Based on the cur-
rent endomyocardial biopsy guidelines, fibrous or fibrofatty replacement with <60% 
residual myocardium in at least one endomyocardial biopsy sample is a major crite-
rion, and 60–75% residual myocardium is a minor criterion for AC. However, quan-
titative criteria should not exclude qualitative evaluation of the biopsy 
microscopically. Replacement-type fibrosis including some inflammatory infil-
trates, myocyte degeneration, and evidence of adipogenesis are microscopic hall-
mark of AC [31]. Electrovoltage mapping is an invasive electrophysiological tool 
that should be performed in selected patients with suspected AC, in the setting of 
ventricular arrhythmias of RV origin, and/or when CE-CMR is negative or doubtful 
in terms of RV involvement [32].

One of the main diagnostic clinical challenges remains to differentiate AC from 
idiopathic RV outflow tract VT, which is usually benign. The absence of ECG 
repolarization/ depolarization abnormalities and of ventricular structural changes, 
the recording of a single VT morphology, the non-inducibility at programmed 
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ventricular stimulation and of a normal electroanatomic voltage mapping, together 
with the non-familial background, support the idiopathic nature of the VT [32]. The 
abnormal low-voltage areas found in AC patients correspond to the loss of electri-
cally active myocardium caused by fibrofatty replacement (“electrical scars”). Of 
note, in nonadvanced stages, scar tissue may be confined to epicardial/ midmural 
layers, sparing (or reaching focally) the endocardial region. Thus, bipolar endocar-
dial voltage mapping of the RV free wall may underestimate or miss nontransmural 
low- voltage areas [33].

Finally, in athletes the major challenge is to distinguish AC from so-called “ath-
letic heart”, i.e. physiological adaptation to training with hemodynamic overload. 
RV enlargement, ECG abnormalities and arrhythmias are well documented in 
endurance athletes, reflecting the increased hemodynamic load during exercise [3]. 
Global RV systolic dysfunction and/ or regional wall motion abnormalities, such as 
bulgings or aneurysms, are more in keeping with AC rather than physiologic ven-
tricular remodelling. The absence of overt structural changes of the RV, frequent 
PVBs or inverted T waves in the precordial leads all support a benign nature.

11.2.4  Conventional Therapeutic and Interventional 
Management

The most important goals of clinical management of AC patients are shown in the 
Box 11.2.

Management options for AC comprise life-style modifications, pharmacologic 
treatment, catheter ablation, ICD implantation, and exceptionally heart transplanta-
tion. Before any therapy is undertaken, life-style modification should be pursued. 
Sport activity in adolescents and young adults is associated with an increased risk 
of sudden death, thus supporting the concept that avoiding effort is “per se” life- 
saving [1, 6]. Recently, it has been demonstrated that endurance sports and frequent 
exercise increase age-related penetrance, risk of VTs, and occurrence of heart fail-
ure in AC desmosomal gene carriers [20].

Different antiarrhythmic drugs have been employed, such as sodium channel 
blockers, β-blockers, sotalol, amiodarone, verapamil alone or combinations. 
Although, contradictory data regarding the effectiveness of empiric arrhythmic 
drugs has been published, showing either a higher efficiency of amiodarone or 

 Box 11.2 Goals of Clinical Management
 1. Reduction of mortality, either by arrhythmic sudden death or heart failure
 2. Prevention of disease progression leading to RV, LV or biventricular 

dysfunction
 3. Attenuation of symptoms and improvement quality of life by decreasing or 

suppressing palpitations, VT recurrences or implantable cardioverter defi-
brillator (ICD) discharges (either appropriate or inappropriate)

 4. Reducing heart failure symptoms and increasing exercise capacity [28, 34].
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inefficacy of anti-arrhythmic drugs against sudden death and ICD intervention, co- 
administration of more than one drug should be avoided [20, 35, 36].

Catheter ablation of the re-entry circuit is a nonpharmacological, interventional 
therapeutic option for AC patients who have VT. In fact, VT is the result of a scar- 
related macro-reentry circuit due to RV fibrofatty replacement, which is suitable 
for mapping and interruption by catheter ablation [37]. Catheter ablation may be 
guided by either conventional electrophysiological or substrate-based mapping. 
Linear ablation lesions connecting or encircling ventricular scar areas obtain the 
isolation of the re-entry circuit. In the presence of a large RV scar burden and/or in 
patients with VT recurrence, combined endo- and epicardial substrate-based VT 
ablation, incorporating scar dechanneling technique, would increase the short- and 
longterm success rate. However, the epicardial approach has a significant proce-
dural complication rate (up to 8%) and should always performed in high volume 
referral centers [37].

ICD therapy is the first line approach for the highest-risk patients, whose natural 
history is typically characterized by the risk of sudden death [20, 35, 38, 39]. Data 
obtained from either primary or secondary prevention studies indicate that ICD ther-
apy improves longterm outcome of selected high-risk AC patients, with significant 
mortality reduction. Overall, 48–78% of patients received appropriate ICD interven-
tions during the mean follow-up period of 2–7  years after implantation [20, 39]. 
Different studies on ICD therapy in AC patients have also provided valuable infor-
mation about the risk predictors for VF or VT triggering appropriate ICD discharges 
during follow-up. The strongest predictors of a life-saving ICD intervention was 
aborted sudden death due to VT/VF and syncope. The presence of multiple risk fac-
tors increases the likelihood of appropriate ICD therapy. Most importantly, asymp-
tomatic probands and relatives without relevant risk factors as well as healthy gene 
carriers show a low rate of arrhythmic events over a long-term follow-up, regardless 
of family history of sudden death. Despite well-known ICD benefit on survival, dis-
advantages are related to the lead and device-related complications like infectious 
dislodgement as well as the inappropriate ICD intervention, which occurs in 10–25% 
of AC patients and is usually caused by sinus tachycardia or atrial tachyarrhythmia 
[20, 39]. Frequent ICD discharges in AC patients can be reduced by appropriate ICD 
reprogramming and/ or co-administration of beta-blocker therapy.

Cardiac Transplantation AC patients with severe, refractory biventricular heart 
failure or unmanageable VTs may become candidates to heart transplantation. The 
most common indication for cardiac transplantation is heart failure, and, in less than 
one-third of patients, unbearable ventricular arrhythmias with electric storms [3].

11.2.5  Arrhythmic Risk Stratification

Arrhythmic risk stratification relies on phenotypic predictors such as previous car-
diac arrest due to VF, sustained VT, unexplained syncope, severe RV or LV dilata-
tion/ dysfunction, compound and digenic heterozygosity of desmosomal gene 
mutations, low QRS amplitude, QRS fragmentation, male gender, young age at time 
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of diagnosis, proband status, inducibility at programmed ventricular stimulation, 
burden of electroanatomic scar and scar-related fractioned electrograms, and extent 
of T wave inversion across the precordial and inferior leads on ECG. In a recent 
document on risk stratification and treatment of AC [39], indications for ICD 
implantation were determined by consensus, taking into account the statistical risk, 
general health, socioeconomic factors, psychological impact and adverse effects of 
the device. The flowchart is shown in Fig. 11.2.

It is noteworthy, that these recommendations apply to the classical RV variant of 
AC and prognostic data are not yet available for the left-dominant one, which is 
increasingly detected by contrast enhanced CMR.

Pregnancy is generally well tolerated but a cardiological evaluation prior to con-
ception is mandatory for individualized arrhythmic risk stratification and prescrip-
tion of the best antiarrhythmic therapy [35]. β-blocker treatment is better since no 
teratogenic effects are known but they may be associated with intrauterine growth 
retardation and neonatal bradycardia or hypoglycemia [40].

High Risk Intermediate Risk Low Risk

- Aborted SCD 
  due to VF
- Sustained VT
- Severe dysfunction of 
  RV, LV, or both

>1 minor risk factors*:

>1 major risk factors*:
- Syncope
- NSVT
- Moderate dysfunction
   of RV, LV, or both

- No risk factors
- Healthy gene carriers

ICD indicated
(Class I)

ICD should be 
considered
(Class lla)

ICD should be 
considered
(Class llb)

ICD not indicated
(Class III)

Fig. 11.2 Flow chart of risk stratification and indications for ICD in AC. The estimated risk of 
major arrhythmic events in the high-risk category is >10%/year, in the intermediate ranges from 1 
to 10%/year, and in the low-risk category is <1%/year The high risk category includes patients who 
experienced cardiac arrest due to VF or sustained VT and most benefit from ICD (estimated annual 
event rate >10%/year). The low risk category comprises probands and relatives without risk factors 
as well as healthy gene carriers (estimated annual event rate <1%/year), who do not require any 
treatment. The intermediate risk category includes AC patients with ≥1 risk factors, except those 
mentioned in the high risk category (estimated annual event rate between 1 and 10%/year). The 
decision to implant an ICD in these patients should be made on individual basis. (from Ref. [39]). 
SCD sudden cardiac death, VF ventricular fibrillation, VT ventricular tachycardia, RV right ven-
tricle, LV left ventricle
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11.3  Genetic Perspectives of Arrhythmic Cardiomyopathy

Although the first description of the inherited nature of arrhythmic cardiomyopathy 
(AC) as autosomal dominant trait with variable expression and age-related pene-
trance resides back to the 80s [41], the discovery of disease-causing genes came later 
on. The plakoglobin gene (JUP) was the first discovered disease gene in a fully pen-
etrant autosomal-recessive form of AC associated with palmoplantar keratosis, also 
known as Naxos cardiocutaneous syndrome [42, 43]. Subsequently, mutations of the 
DSP gene were found to cause another autosomal-recessive cardiocutaneous syn-
drome, i.e. Carvajal syndrome [44]. Soon after, heterozygous mutations in the same 
gene were identified for the first time in a dominant form of AC without hair/skin 
abnormalities [45]. To-date, different disease genes have been linked to the classical 
inheritance pattern of AC, highlighting genetic heterogeneity [7]. Most of mutations 
in dominant forms have been identified in desmosomal genes including DSP, pla-
kophilin-2 (PKP2), desmoglein-2 (DSG2), desmocollin-2 (DSC2) and JUP [43, 45–
49] (Table 11.2). Only isolated reports showed causal mutations in non- desmosome 
genes, such as transmembrane protein 43 (TMEM43), desmin (DES), titin (TTN), 
lamin A/C (LMNA), phospholamban (PLN), αT-catenin (CTNNA3), filamin C 
(FLNC), N-cadherin (CDH2) sometimes with a clinical phenotype similar but not 
identical to AC, so as to be considered phenocopies or overlap syndromes [50–57]. 
Moreover, mutations in the regulatory region of transforming growth factor beta-3 
gene have also been reported [58], but their pathogenicity is still controversial. 
Ryanodine receptor 2 gene mutations are nowadays associated with catecholaminer-
gic polymorphic VT (CPVT) rather than AC, as originally considered [59].

Thus, most pathogenic mutations involve structural proteins that contribute in 
the organization of the intercalated disc. It is noteworthy that these intercalated 
discs were described as containing a mixed-type junctional structure instead of clas-
sical adherens junctions, the so-called area composita) (Fig. 11.3) [60, 61].

Comprehensive exomic sequence analysis of the known desmosomal AC-related 
genes currently identifies approximately 50% of AC probands [7, 62–66]. The most 
commonly defective AC gene is PKP2 (10–45%), followed by DSP (10–15%), 
DSG2 (7–10%) and DSC2, JUP (1–2%). About 10–25% of AC patients are com-
pound, heterozygous mutation carriers [7, 62–65]. Although “private” mutations 
predominate in AC patients, founder mutations in both desmosomal and extra- 
desmosomal encoding genes have been reported [7, 66]. Entire PKP2 exons or even 
whole gene deletions have been even described in AC patients with a frequency of 
approximately 2% [67]. The sporadic, non-familial forms of AC may represent 
chronic myocarditis.

11.3.1  Genetic Risk Assessment

Genetic risk assessment constitutes an essential component of genetic counseling 
for individual and family decision making and should be looked at as an ongoing 
process of analysis of estimates.
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Genotyping success rate in AC varies according to cohort location and ethnicity, 
sequencing techniques, selection and stringency of criteria by which mutations are 
considered causative. Moreover, the routine use of Next Generation Sequencing for 
the analysis of large panels of genes o even the analysis of the whole exome is lead-
ing to the identification of a large number of nucleotide variants with uncertain 
clinical significance.

In order to estimate accurately the genetic risk, the following information at a 
particular point in time should be considered:

 1. the results of genetic testing (causative mutations vs frequent/rare nucleotide 
variants) in affected patients having clear symptoms/signs of the disease; thus, is 
of utmost importance to distinguish pathogenic mutations from genetic noise 
based on the American College of Medical Genetics and Genomics (ACMG) 
guidelines [68];

 2. the genetic risk data obtained from population studies, based on published exome/
whole genome data from a finite number of cases in specific and highly monitored 
populations (1000 Genome Project, Exome Aggregation Consortium- ExAC, 
Exome Sequencing Project-ESP, TOPMED, dbSNPs.). In AC mutations with allelic 
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Fig. 11.3 Schematic representation of intercalated discs comprising area composita, desmosomes 
and gap junctions (data from Ref. [61])
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frequency (MAF, minor allele frequency) less than 0.02–0.05% should be consid-
ered pathogenic or likely pathogenic in the context of the disease phenotype;

 3. the results of genetic testing on parents, siblings, and close relatives (cascade 
screening);

 4. the prenatal diagnosis (i.e. through amniocentesis or pre-implantation diagno-
sis), where the risk for offspring can be calculated; however, the low penetrance 
of the disease makes the application of prenatal diagnosis in many countries 
subjected to ethical and legal issues;

 5. the predictive power of the genetic testing (considering that an at-risk individual 
harboring the disease-causing mutation/allele, given enough time, will develop 
symptoms), which is rather low in AC if not integrated with clinical data and 
family history.

The results from genetic testing can dramatically increase the accuracy of genetic 
risk assessment. However, analytical or interpretative laboratory errors may affect 
risk assessment directly (false detection of mutation or polymorphism) or indirectly 
by altering estimates of allele distribution and carrier frequencies. Thus, genetic 
testing and its interpretation should be performed by geneticists in dedicated AC 
cardiogenetic centers, with pre- and post-counseling facilities. Of note, only 364 of 
the 919 nucleotide variants reported in all desmosome-related genes linked to AC 
have been considered really pathogenic [65].

Ultimately, to calculate the probability of the individual developing AC, one has 
to take into account genetic and environmental factors influencing the disease onset 
and progression such as the number of genes causing or involved in the disease and 
their associated risk, physical activities, type of work, sex and age-penetrance. 
However, it remains to be elucidated whether all these factors have the same weight 
or some are more important to the outcome than others.

11.3.2  Genetic Counseling

Genetic counseling, developed to address the medical and social consequences of 
Mendelian disorders, has become an integral part of genetic testing. Genetic coun-
seling as currently practiced is focused on the assessment of genetic risk, education 
of at-risk individuals and family members about the disease management and mani-
festation as well as about reproductive options, and provision of psychological and 
emotional support to cope with mostly untreatable diseases.

Pre-test counseling in AC should be offered to all index cases in order to draw 
family pedigrees by accurately collecting family history information, to aid patients’ 
comprehension regarding genetic test benefits and limitations, consequences in case 
of a positive genetic test and the possibility/meaning of an uninformative or nega-
tive genetic test. Given that the prevalence of causal genes and mutations has yet to 
be determined, a negative or uninformative genetic test due to the limited diagnostic 
yield from screening of known causal genes does not exclude a genetic background. 
A positive genetic test in the affected AC proband is enabling the identification of 

K. Pilichou et al.



383

early asymptomatic carriers through cascade genetic screening of family members 
but also may serve to re-assure family members negative on cascade screening.

Post counseling is mandatory in order to aid patients understanding about the 
meaning of the genetic test findings for themselves and their families, and to aid 
clinicians interpretation in correlation with familial and clinical evidences. Finally, 
family history is dynamic and should be updated over time, thus it is necessary to 
work together with patients through genetic counseling helping them to understand 
the importance in sharing this information with their families in order to enable the 
detection of asymptomatic family members.

11.4  Genotype-Phenotype Correlation in Desmosomal- 
Related AC

The significance of genetic testing in developing a clinical strategy is still controversial, 
since genotype-phenotype correlation in AC patients is limited due to the small popula-
tion size and the wide heterogeneity both from the clinical and genetical view point.

To-date, despite the similar prevalence of desmosomal mutation carriers in both 
genders, the clinical expression of the disease is usually more severe in men, with a 
higher prevalence of male than female patients who fulfil the diagnostic criteria [69].

Most of early genotype–phenotype correlation studies were based on a few fami-
lies, separately addressed mutations in different desmosomal genes, and compared 
clinical manifestations of AC mutation carriers versus noncarriers [70, 71]. Although 
some differences have been reported with regard to a series of clinical, ECG, and 
morphofunctional RV abnormalities in variables between AC gene-positive and 
gene-negative patients, detection of AC desmosomal gene mutations was not associ-
ated with an enhanced susceptibility to life-threatening arrhythmias and did not 
predict arrhythmic outcome compared with an unknown genotype.

Few available studies correlating the phenotype to the underlying genotype pro-
vided contradictory findings with regard to the association between specific desmo-
somal genes or mutation and clinical features. A specific trend toward more prevalent 
LV involvement was attributed to DSP mutations by Quarta et al. [72] and to DSG-2 
mutations by Fressart et al. [73], but not always confirmed by others.

In our series of 134 desmosomal gene mutation carriers, disease penetrance was 
higher in patients with multiple mutations than in those with single mutations and 
the difference remained statistically significant after adjustment for age and sex 
[63]. Among patients with single mutation, disease penetrance did not differ accord-
ing to specific desmosomal genes or to the presence of missense versus non mis-
sense mutations. In the subgroup of 61 patients with single mutation who fulfilled 
the diagnostic criteria for either borderline or definite ARVC, carriers of single non 
missense mutations significantly more often had right precordial T-wave inversion 
extending beyond lead V3 and showed a trend toward a lower mean RV fractional 
area change compared with carriers of single missense mutations. No statistically 
significant differences in the clinical phenotype were attributable to specific desmo-
somal genes, with the exception of DSP gene mutation carriers who distinctively 
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had more frequent negative T-waves confined to leads V4 to V6, low QRS voltages 
in limb leads, and LV dysfunction with ejection fraction.

Similar data were reported in the large USA and Dutch AC cohorts, with patho-
genic mutations in desmosomal and non-desmosomal genes identified in 577 patients 
[65]. In fact, individuals with more than one mutation have considerably worse clini-
cal course with significantly earlier onset of symptoms and first sustained arrhyth-
mia, a greater chance of developing sustained VT/VF, and a five-fold increase in the 
risk of developing LV dysfunction and heart failure than those carrying a single 
mutation. Among carriers of a single mutation presenting alive, this study demon-
strated that the risk of LV involvement and development of heart failure is intrinsi-
cally related to the mutated gene. Conversely, carriers of single mutations in all the 
genes had a high risk of developing a life-threatening arrhythmia, with no significant 
differences in VT/VF survival among the different genes. PLN mutation carriers had 
an older age of presentation although they showed a worse long-term prognosis, with 
more left ventricular dysfunction and heart failure. Also DSP mutation carriers were 
more likely to develop heart failure and signs of LV involvement, confirming the 
observation from prior smaller cohorts. These authors also provided evidence that 
missense variants, defined as pathogenic by predicting algorithms, are associated 
with a similar prognosis as premature truncating or splice site mutations.

On the basis of these preliminary data, compound or digenic (compound/digenic 
heterozygosity) desmosomal mutations, which accounts for up to 25% of AC patient 
in different series, are now considered in the risk stratification for the prevention of 
sudden cardiac death [39].

Finally, a complete/partial deletion of PKP2 gene has been demonstrated in at 
least 2% of AC patients carry showing similar phenotypic features with AC patients 
carrying other desmosomal point mutations [67].

 Conclusions

AC is mainly an autosomal dominant cardiac disorder with variable expressivity 
and age-related penetrance. Genetic screening in AC is a tool able to differentiate 
patients with overlapping clinical entities as well as to identify AC patients with 
a broad spectrum of clinical features. The application of genetic testing and the 
interpretation of genetic variations in AC is still a challenge for the clinicians. 
Other mechanisms, such as epigenetic factors including MiRNA, could contrib-
ute to desmosomal dysfuntion and an AC phenotype and are currently under 
investigation. Large scale genotype-phenotype correlations studies are still 
needed to define the role of genetic screening for disease management in the 
clinical practice.
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Abstract
Left ventricular noncompaction (LVNC) is a type of structural cardiac abnormal-
ity that displays genotypic and phenotypic heterogeneity. Morphologically, it is 
characterized by prominent ventricular trabeculae and deep intertrabecular 
recesses. It has traditionally been thought to be related to intrauterine arrest of 
myocardial development. While it is classified as a primary cardiomyopathy of 
genetic origin by the American Heart Association, the European Society 
of Cardiology classification defines it as an unclassified cardiomyopathy. 
Originally thought to be a rare disease seen mainly in children, there has been 
increasing identification in adults likely due to increased awareness and advances 
in cardiovascular imaging. Furthermore, although it is often associated with 
other congenital cardiac anomalies it can also be seen in association with dilated, 
hypertrophic and restrictive cardiomyopathies and in the absence of any cardiac 
defects.
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12.1  Introduction

Left ventricular noncompaction (LVNC) is a type of structural cardiac abnormality that 
displays genotypic and phenotypic heterogeneity. Morphologically, it is characterized 
by prominent ventricular trabeculae and deep intertrabecular recesses [1–3]. It has tra-
ditionally been thought to be related to intrauterine arrest of myocardial development 
[1, 2, 4]. While it is classified as a primary cardiomyopathy of genetic origin by the 
American Heart Association [3], the European Society of Cardiology classification 
defines it as an unclassified cardiomyopathy [5]. Originally thought to be a rare disease 
seen mainly in children, there has been increasing identification in adults likely due to 
increased awareness and advances in cardiovascular imaging. Furthermore, although it 
is often associated with other congenital cardiac anomalies [2, 6, 7] it can also be seen 
in association with dilated, hypertrophic and restrictive cardiomyopathies and in the 
absence of any cardiac defects [8, 9]. Although there is increasing evidence of various 
genetic associations, the final common pathway to the disease remains elusive. There 
is also suggestion of acquired and reversible phenotypes [10, 11]. Clinical manifesta-
tions are variable, ranging from no symptoms to disabling congestive heart failure, 
arrhythmias, and systemic thromboembolism. Echocardiography has been the diag-
nostic procedure of choice; however the use of cardiac magnetic resonance imaging 
(MRI) is steadily rising. Treatment centers on the management of heart failure, arrhyth-
mias, and prevention of thromboembolic events.

12.2  Cardiac Embryology and Development

A number of studies have shown that the development of the human heart involves 
precisely regulated molecular and embryogenetic events [12, 13]. Each event is initi-
ated by a specific signaling molecule and mediated by tissue-specific transcription 
factor(s). It was initially thought that all the cells that comprise the muscle of the 
mature heart originate from bilaterally distributed mesodermal fields that were estab-
lished during early gastrulation [14]. However, it is now known that the cellular com-
ponents that ultimately develop in to the myocardium have multiple origins [14]. 
Furthermore, addition of myocardial cells to the developing heart occurs at various 
stages during embryogenesis [15]. Myocardial development involves the formation 
of two different myocardial layers within the ventricular wall, the trabecular layer 
and the subepicardial compact layer. The endocardium constitutes the cellular base 
of the trabecular layer while the compact layer is formed underneath the epicardium. 
The process of ventricular trabeculation is considered a highly synchronized devel-
opmental process that changes at every stage of cardiac development. Prior to the 
development of the coronary circulation, the embryonic myocardium consists of a 
“spongy” meshwork of interwoven myocardial fibers forming trabeculae with deep 
intertrabecular recesses, which communicate with the left ventricular (LV) cavity 
[14, 16, 17]. These intertrabecular spaces are responsible for blood supply to the 
myocardium at this stage of cardiac development. Cardiac trabeculation is dependent 
on the secretion of various factors during development such as neuregulin, serotonin 
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2B receptor, vascular endothelial growth factor and angiopoietin [12, 13]. During 
weeks 5–8 of human fetal development, the ventricular myocardium undergoes a 
gradual process of compaction, from the epicardium towards endocardium, from 
base to apex, with transformation of the relatively large intertrabecular spaces into 
capillaries with gradual disappearance of the large spaces within the trabecular 
meshwork and completion of compaction [14, 16, 17]. Occurring parallel to this 
process of compaction of the ventricular myocardium, is the formation of the coro-
nary vessels ending with the establishment of the coronary circulation [14, 16, 17].

12.3  Noncompaction of the Left Ventricular Myocardium

LVNC has traditionally been thought to be the result of arrested endomyocardial 
morphogenesis [1, 9, 18]. It was first described in association with other congenital 
anomalies, such as obstruction of the right ventricular (RV) or LV outflow tracts, 
complex cyanotic congenital heart diseases, and coronary artery anomalies [2, 6, 9] 
(Table 12.1). Although the abnormal compaction process in these cases is still not 
completely understood, it has been suggested that pressure overload or myocardial 
ischemia associated with these conditions prevents regression of the embryonic 
myocardial sinusoids. Arrest of the regression of the embryonic myocardial sinu-
soids results in the persistence of deep intertrabecular recesses in communication 
with both the ventricular cavity and the coronary circulation [19].

Isolated noncompaction of the ventricular myocardium (iNVM) first described 
by Chin et al. in 1990, is characterized by persistent embryonic myocardial mor-
phology found in the absence of other cardiac anomalies, particularly congenital 
[1]. The deep recesses in isolated noncompaction communicate only with the ven-
tricular cavity and not with the coronary circulation as can be the case with LVNC 
associated with congenital cardiac anomalies [20].

Noncompaction of the RV may coexist with LV involvement [6, 9, 19] but due to the 
difficulty encountered in distinguishing noncompaction from normal RV trabecula-
tions, several authors challenge the existence of isolated RV noncompaction [19, 21].

It should be noted that there has been no definitive proof of an arrest in embry-
onic endomyocardial morphogenesis. In an interesting series, Bleyl et al. did not 
find any characteristic features of noncompaction on fetal echocardiography in 
three infants who were subsequently diagnosed with iNVM [22, 23]. These findings 
challenge the theory of arrested embryonic development as the pathogenesis of LV 
noncompaction [22–24] and suggest an acquired condition rather than congenital. 
Alternatively, these findings may reflect limitations of fetal echocardiography [22, 
23]. Other investigators have postulated that other pathogenetic processes could 
account for noncompaction such as dissection of myocardium, frustrated attempts 
of myocardial hypertrophy, myocardial tearing caused by dilatation, a metabolic 
defect, or compensatory hypervascularization [24]. The morphological findings of 
LVNC have been observed across a spectrum of cardiac diseases including dilated, 
hypertrophic and restrictive cardiomyopathies, suggesting that it is not a single 
entity [8]. Cases of acquired LVNC have been described [10, 11, 25], further 
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challenging the theory that LVNC is purely due to arrested embryonic endomyocar-
dial development.

The nomenclature of noncompaction of the ventricular myocardium (NVM) has 
been effectively superseded by LVNC.  Furthermore iNVM or isolated LVNC may 
cause confusion, as the majority of LVNC are associated with some other cardiac 
abnormality, whether functional or structural [e.g. dilated cardiomyopathy (DCM)] [8].

More recently it has been suggested that LVNC be separated in to seven different 
groups [26]:

 – Isolated LVNC (iLVNC); describes the appearance of LVNC in the absence of 
cardiac dysfunction or clinical symptoms.

 – LVNC associated with LV dilatation and dysfunction at the onset, such as seen in 
association with the X-linked disorder Barth syndrome.

Table 12.1 Structural heart 
diseases associated with left 
ventricular noncompaction

Absent aortic valve
Anomalous origin of right subclavian artery
Anomalous pulmonary venous return
Aortic stenosis
Aortico-left ventricular tunnel
Arteriovenous block
Atrial isomerism
Atrial septal aneurysm
Atrial septal defect
Atrio-ventricular diverticulum
Bicuspid aortic valve
Coarctation of the aorta
Congenital mitral valve stenosis
Coronary osteal stenosis
Dextrocardia
Double orifice mitral valve
Ebstein’s anomaly
Heterotaxy
Histiocyte cardiomyopathy
Hypoplastic left heart syndrome
Hypoplastic right ventricle
Malposed great arteries
Mitral valve cleft
Patent ductus arteriosus
Polyvalvular dysplasia
Pulmonary hypertension
Pulmonary stenosis
Right ventricular muscle bands
Tetralogy of Fallot
Transposition of the great arteries
Ventricular inversion
Ventricular septal defect

Source: Adapted from [118]
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 – LVNC in combination with another cardiomyopathy (e.g. DCM or HCM)
 – LVNC associated with congenital heart disease
 – LVNC associated with a genetic syndrome (e.g. Anderson-Fabry disease)
 – Acquired or potentially reversible iLVNC (e.g. athletes, sickle cell anaemia)
 – RV noncompaction, either with or without LV involvement

12.4  Pathology

In addition to the first necropsy findings described by Chin et al. [1], many other stud-
ies published in cases with LVNC reveal prominent trabecular meshwork and numer-
ous intertrabecular recesses in the ventricular myocardium [2, 4, 9]. The recesses, 
lined with endothelium in continuity with the ventricular myocardium, have been 
described to extend deep into the trabecular meshwork, and to end blindly at the com-
pact outer layer, without communication with the coronary circulation [1, 27]. In an 
autopsy series of 474 normal hearts by Boyd et al., up to 70% had prominent trabecu-
lations in the LV cavity, but only 4% of these had more than three trabeculations [28].

12.5  Pathophysiology

There are no specific abnormal findings on coronary angiography in patients with 
LVNC [1, 29, 30]. Positron emission tomography has demonstrated a decrease in 
coronary flow reserve in noncompacted and compacted segments of the LV.  It is 
likely that microcirculatory dysfunction might contribute to LV contractile dysfunc-
tion and be responsible for the subendocardial fibrosis found on histology as most 
of the compacted segments have evidence of reduced coronary flow reserve as dem-
onstrated by wall motion abnormalities [21, 30–32]. A case report showing impaired 
aerobic fatty acid metabolism in noncompacted ventricular segments support the 
putative mechanism that in LVNC, myocardial failure and remodeling are the result 
of ischaemia [33]. Clinical symptoms of cardiac failure which are seen in the major-
ity of the patients with LVNC are probably secondary to both systolic as well as 
diastolic LV dysfunction. The subendocardial hypoperfusion and microcirculatory 
dysfunction seen in these patients even in the absence of epicardial coronary artery 
disease may play important roles in ventricular dysfunction and arrhythmogenesis.

12.6  Genetics of LVNC

Our understanding of the molecular signaling pathways governing the morphogen-
esis of the cardiovascular system has increased significantly in recent years. A num-
ber of candidate genes have been identified that are thought to be involved in 
myocardial morphogenesis. Indeed, recent studies have suggested that the genetic 
aetiology underlying previously hitherto considered ‘distinct’ cardiomyopathies 
may be shared, with commonality in genetic origin being found in ventricular 
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non- compaction, hypertrophic and dilated cardiomyopathies [34, 35]. However, 
despite the progress made in genomics the precise mechanisms underlying myocar-
dial noncompaction are unclear.

The inheritance of LVNC may either be sporadic or familial. An autosomal dom-
inant mode of inheritance is considered to be more common than X-linked inheri-
tance for familial cases [22, 23, 36, 37] although autosomal recessive inheritance 
has also been suggested [38]. Increased occurrence of LVNC in family members of 
an affected individual has been widely observed since the initial description of 
LVNC [1, 9]. In two of the largest series of patients with LVNC [37, 39], the fre-
quency of familial noncompaction was found to be 25% and 33%.

There have been more than twenty genes described to be definitely or possibly 
associated with LVNC, either in isolation or in combination with other forms of 
cardiomyopathy [40]. Many of these genes have been identified in single case stud-
ies and therefore should be considered provisional. Currently the Online Mendelian 
Inheritance in Man catalog describes ten unique loci and associated LVNC pheno-
types (LVNC1, LVNC2 etc). LVNC may also be seen as a cardiac feature in a vari-
ety of metabolic diseases and genetic syndromes (Table 12.2).

12.6.1  Genes Linked to Noncompaction

DTNA which is located on 18q12.1 and encodes for dystrobrevin-[alpha], a 
dystrophin- associated protein involved in maintaining the structural integrity of the 

Table 12.2 Syndromes associated with left ventricular noncompaction

Syndrome Locus Clinical characteristics
Barth syndrome Xq28 Dilated cardiomyopathy, neutropenia, skeletal 

myopathy
Beals syndrome 5q23-q31 Congenital contractures, delayed motor 

development, marfanoid
Beckers muscular dystrophy Xp21.2 Muscle wastage, cardiomyopathy, arrhythmias
Charcot Marie Tooth 
disease type 1A

17p11.2 Peripheral neuropathy, muscle atrophy

Duchennes muscular 
dystrophy

Xp21.2 Muscle degeneration, cardiomyopathy, 
arrhythmias

Melnick-Needles sydrome Xq28 Skeletal abnormalities, craniofacial 
dysmorphogenesis

Myotonic dystrophy 19q13.2-q13.3 Myotonia, distal weakness, cognitive 
impairment

Myoadenylate-deaminase 
deficiency

1p21-p13 Exercise intolerance, myalgia

Nail-patella syndrome 9q34.1 Nail dysplasia, patellar hypoplasia
Noonan syndrome 12q24.1 Failure to thrive, cardiomyopathy, septal 

defects
Roifman syndrome X Dysgammablobulinemia, skeletal dysplasia
Trisomy 13 Cognitive impairment, polydactyly, skeletal 

abnormalities

Source: Adapted from [41]
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muscle membrane [42]. Heterozygous mutations of DTNA cause LVNC. Four dif-
ferent mutations in LDB3 (ZASP), which is located on 10q23.2 and encodes for the 
LIM domain binding 3 protein (ZASP or Cypher), a muscle sarcomeric Z-band 
protein, have been identified in four affected families and two sporadic cases 
(LVNC). Most of these individuals with LDB3 mutations had features of noncom-
paction and/or DCM [37, 43, 44]. LVNC is also caused by mutation in the ACTC1 
on chromosome 15q14, which is also associated with hypertrophic cardiomyopathy 
(HCM) and atrial septal defect [35]. A heterozygous mutation in the MYH7 gene on 
chromosome 14q12 has been associated with LVNC, HCM and myosin storage 
myopathy. The gene TNNT2 encodes cardiac troponin T2 and heterozygous muta-
tion of the gene on chromosome 1q32 is associated with LVNC and DCM [45]. 
Mutation of the gene MIB1 on chromosome 18q11 was identified in two out of 100 
probands with LVNC, one missense and one nonsense mutation respectively [46]. 
PRDM16 gene on chromosome 1q36 mutation has been associated with both dilated 
cardiomyopathy and LVNC [47]. Heterozygous missense mutations of the TPM1 
gene on chromosome 15q22.1 have been identified in two unrelated families with 
LVNC and DCM [48]. TPM1 gene encodes for Tropomyosin alpha-1 protein found 
in striated and smooth muscle. The MYPBC3 gene on chromosome 11p11 encodes 
for sarcomeric proteins involved in cardiomyocyte contraction. Heterozygous muta-
tions of MYPBC3 have been identified in multiple different families with LVNC 
[49]. A mutation in LMNA, which is located on 1q22 encoding for lamin A/C, was 
identified in a single family consisting of an individual with LVNC and three muta-
tion carriers had a DCM or mild LV enlargement [50]. Emery–Dreifuss muscular 
dystrophy, limb girdle muscular dystrophy1B, Hutchinson–Gilford progeria syn-
drome and atypical Werner syndrome have also been found to be associated with 
mutations in LMNA.

TAZ which is located on Xq28 and encodes taffazin (G4.5 protein) involved in the 
biosynthesis of cardiolipin, an essential component of the mitochondrial inner mem-
brane, was the first locus discovered to be associated with LVNC [22, 23]. Barth 
syndrome, a metabolic condition characterized by DCM, with or without noncom-
paction, 3-methylglutaconic aciduria, skeletal myopathy and neutropenia is also 
described with mutations in TAZ [51]. In total, six different mutations in TAZ have 
been described in children with LVNC [22, 23, 37, 42, 43, 52]. Large studies screen-
ing for mutations in the known loci [9, 37, 52–54] find that most affected individuals 
do not have mutations detected in either TAZ or DTNA. The contribution of LMNA, 
SCNA, MYH7 and MYBP3 to the etiology of LVNC is not known. Therefore, it 
would not be unreasonable to conclude that the genetic etiology of most LVNC is 
still unknown.

12.6.2  Loci and Chromosomal Regions Associated with LVNC

A newborn girl with facial dysmorphism, multiple ventricular septal defects and 
epilepsy [55]—array-CGH detected up to a 5.9 Mb terminal deletion at 1p36—was 
shown to have LVNC. Although, LVNC had not been previously reported in other 
patients described with 1q43 deletion syndrome, in a recent report, a newborn girl 
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with LVNC, facial dysmorphism, hypotonia, cardiac septal defects was found to 
have an interstitial 5.4 Mb deletion of 1q43 [56]. The authors contemplated that 
haploinsufficiency of 1q43 containing the cardiac ryanodine receptor gene is the 
cause of LVNC. It is possible that chromosome 1 may contain two noncompaction 
associated loci at 1p36 and 1q43. Patients with 1p36 deletion syndrome can also 
develop DCM.

NKX2-5 is a potential locus associated with LVNC on the chromosome 5. The 
NKX2-5 gene encodes for a key transcription factor in cardiogenesis. Mutations of 
this gene are associated with a variety of congenital heart diseases such as atrial 
septal defect, double-outlet right ventricle, tetralogy of Fallot, arteriovenous block 
and Ebstein’s anomaly [57, 58]. Deletion of 5q35, which includes the NKX2-5 
gene, was detected in a girl with an atrial septal defect, patent ductus arteriosus, 
minor dysmorphism, developmental delay, heart block, DCM, and LVNC [59]. 
Furthermore features of LVNC are notable in the NKX2-5 mutant mouse model 
[60]. These findings add weight, but are not conclusive, of the link between NKX2-5 
mutations and LVNC. A full list of gene mutations associated with LVNC can be 
found in Table 12.3.

Table 12.3 Genes associated with left ventricular noncompaction

Gene Protein Inheritance
ABCC9 ATP-binding cassette AD
ACTC1 Cardiac alpha-actin AD
ACTN2 Alpha-actinin 2 AD
CASQ2 Calsequestrin 2 AR
DMPK Dystrophia myotonica protein kinase AD
DSP Desmoplakin AD
DTNA Dystrobrevin AD
G4.5 Tafazzin X-linked
HCN4 Hyperpolarization-activated cyclic nucleotide-gated potassium 

channel 4
AD

LDB3 Z-band alternatively spliced PDZ motif-containing protein AD
LMNA Lamin AC AD
MIB1 Mindbomd, homolog of Drosophlia AD
MYBPC3 Myosin-binding protein C AD
MYH7 Beta-myosin heavy chain 7 AD
PLEKHM2 Pleckstrin homology domain-containing protein AD
PKP2 Plakophilin 2 AR
PRDM16 PR domain protein 16 AD
RYR2 RYR2 AD
SCN5A Sodium channel, voltage gated type V, alpha subunit AD
TNNT2 Cardiac troponin T2 AD
TPM1 Tropomyosin 1 AD

NB: Many of these genes have been identified in single case studies and therefore should be con-
sidered provisional
Source: Adapted from [26]
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12.7  Metabolic Diseases and Genetic Syndromes Associated 
with LVNC

Mutations in the Tafazzin gene, an X-linked condition, lead to Barth Syndrome. 
Tafazzin is a proposed signaling molecule regulating apoptosis and a known com-
ponent of the inner mitochondrial membrane [61]. Barth syndrome is associated 
with DCM. However, in a recent publication, Schlame and colleagues described 
features of LVNC in 15 of the 30 patients with Barth syndrome [61]. Interestingly 
one child was noted to have LVNC at birth but LVNC disappeared by the age of 
6 years [61]. Indeed, it is possible that such remodeling may cause underestimation 
of the true incidence of LVNC amongst patients with Barth syndrome.

LVNC may also be seen as a feature of mitochondrial diseases. In two large stud-
ies of pediatric patients with mitochondrial disorder LVNC was seen as one of the 
cardiac features [62, 63]. Similarly in adults, out of 62 patients with LVNC, 13 were 
found to have metabolic myopathy, a condition described with respiratory chain 
abnormalities [24]. Succinate dehydrogenase deficiency, a mitochondrial disorder, 
has been found to be associated with LVNC [64]. Mitochondrial DNA (mtDNA) 
mutations found in patients with LVNC include G3460A, which is also found in 
Leber’s hereditary optic neuropathy, [65] and A3243G, a skeletal muscle hetero-
plasmic mutation in a patient with complete heart block, myopathy, and nail–patella 
syndrome [66, 67]. Additional reports include a man with ragged red fibers, com-
plex partial seizures, limb wasting, and an A8381G mtDNA change in the MT-ATP8 
gene [68, 69], and a patient with hearing impairment, ophthalmoplegia, central ner-
vous system abnormalities, polyneuropathy, diabetes mellitus, and multiple mtDNA 
changes (A15662G, T3398C, T4216C, and G15812A) in the MT-ND1 (NADH 
dehydrogenase subunit 1) and MT-CYB genes [70].

The specific role of mitochondrial dysfunction in the etiology of noncompacted 
myocardium is not known. As the mitochondrion is essential for cardiac develop-
ment and function, providing most of the energy for contraction and ion transport 
through mitochondrial oxidative phosphorylation, generating most of the endoge-
nous reactive oxygen species as a toxic byproduct, and regulating programmed cell 
death [71], it follows that defects in mtDNA mutations, and/or other aspects of 
mitochondrial metabolism, would be likely to impact cardiac development, leading 
to noncompaction.

Other metabolic diseases described with LVNC include myoadenylate deami-
nase deficiency, an autosomal recessive, exercise-related myopathy, described in a 
man with myalgia, sinus bradycardia, who was found to have a mutation in the 
myoadenylate deaminase deficiency disease-causing locus AMPD1 [68, 69]. More 
recently, LVNC was described in a 2 year old girl with vitamin B12 (cobalamin) 
deficiency and a homozygous mutation in MMACHC specifically associated with 
combined methylmalonic aciduria and homocystinuria (cobalamin C type) [72].

Neuromuscular disorders are often associated with various types of cardiomy-
opathy. Duchene and Becker muscular dystrophy, and limb-girdle muscular dystro-
phy have been noted to be associated with cardiomyopathy and are classified as 
dystrophinopathies [66, 67, 73, 74]. These dystrophinopathies may also 
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demonstrate features of LVNC [66, 67]. Other neuromuscular disorders described 
with LVNC include Charcot Marie Tooth disease and myotonic dystrophy [75, 76].

Many other genetic syndromes describe LVNC as one of their features [77]. 
There has been a recent spurt of publications and the ever expanding list includes 
Danon disease, Anderson-Fabry disease, Turner syndrome [77, 78], trisomy 13 
[79], and 22q11.2 deletion syndrome [54], malformations syndromes—microph-
thalmia with linear skin defects [80], Roifman syndrome [81], Melnick Needles 
syndrome [82], nailpatella syndrome [66, 67] Noonan syndrome [83], and congeni-
tal contractural arachnodactyly (Beals syndrome) [84].

12.8  Epidemiology and Demographics

LVNC has been diagnosed in all age groups. In the original case series of isolated 
noncompaction by Chin et al, the median age at the time of diagnosis was 7 years 
(range:11 months-22 years) [1]. The true echocardiographic prevalence of LVNC is 
difficult to ascertain, mainly due to the referral bias to specialist centers and no stan-
dardized diagnostic criteria. In one echocardiographic series of patients with LVNC, 
the prevalence was 0.014% of patients referred to the echocardiography laboratory 
[19]. By contrast, another series of patients with ejection fraction <45% reported 
definite or probably LVNC in 3.7% [49]. Certainly there has been an increased inci-
dence of LVNC with improved awareness by physicians and advances in cardiovas-
cular imaging. Men appear to be affected more frequently than women, with males 
accounting for 56–82% of cases in the four largest reported series [1, 9, 19, 85].

12.9  Clinical Presentation

Noncompaction is identified incidentally or is found to be present in patients pre-
senting with one or a combination of three major clinical manifestations [1, 9, 14].

 1. Heart failure
 2. Arrhythmias
 3. Embolic events.

Clinical characteristics of patients from five study populations with noncompac-
tion of the ventricular myocardium are presented in the Table 12.4.

A patient with noncompaction can present with findings that can range from 
asymptomatic LV dysfunction to severe disabling congestive heart failure. In the 
cohort with LVNC described in the initial report by Chin et al. depressed ventricular 
systolic function was noted in 63% of patients [1]. Over 70% of the patients in the 
largest series with LVNC had symptomatic heart failure [19]. In children with 
LVNC, the initial presentation may be as that of a restrictive cardiomyopathy [86, 
88]. In a prospective case series of Japanese children with LVNC followed for up to 
17 years, irrespective of the presence or absence of symptoms at the time of initial 
diagnosis, LV dysfunction developed in the majority [86].
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Diastolic dysfunction has been described in patients with ventricular noncom-
paction and is thought to be related to both abnormal relaxation and restrictive fill-
ing caused by the numerous prominent trabeculae [14].

Arrhythmias are not uncommon and can be a fatal mode of presentation for 
patients with ventricular noncompaction. Sudden cardiac death accounted for half 
of the deaths in the larger series of patients with LVNC [1, 9, 19, 20]. Although 
ventricular arrhythmias occurred in nearly 40% of patients in the initial description 
of LVNC by Chin et al. [1]; Ichida et al. described no cases of ventricular tachycar-
dia or sudden death in the largest series of pediatric patients with LVNC [86]. 
Rhythm disturbances including paroxysmal supraventricular tachycardia and com-
plete heart block have been reported in patients with LVNC [86]. Nonspecific find-
ings on the resting electrocardiography (ECG) are found in the majority of patients 
with LVNC. ECG changes include LV hypertrophy, abnormal Q-waves, repolariza-
tion changes, T waves changes, ST segment abnormalities, axis shifts, intraventricu-
lar conduction abnormalities, and AV block [1, 9, 19, 86, 89] (Table 12.5). ECG 
findings consistent with Wolff-Parkinson-White syndrome have been described in 
up to 15% of pediatric patients [86, 90] but it was not observed in the two largest 
series of adults with isolated noncompaction [9, 19].

In three series of patients with LVNC, the occurrence of thromboembolic events, 
including cerebrovascular accidents, transient ischemic attacks, pulmonary embo-
lism, and mesenteric infarction, ranged from 21% to 38% [1, 9, 19]. Embolic com-
plications are possibly related to development of thrombi due to combination of 

Table 12.4 Clinical characteristics of patients from five study populations with left ventricular 
noncompaction

Oechslin 
et al. [19]

Ritter 
et al. [9]

Ichida 
et al. 
[86]

Stollberger 
et al. [24] Chin et al. [1]

Patient characteristics
Patients 34 17 27 62 8
Females % 26 18 44 30 37
Age (years) 16–71 18–71 0–15 50 mean 0.9–22.5
Non-compacted segments %
 Apex 94 100 100 98 Most 

common
 Inferior wall 84 100 70 8 –
 Lateral wall 100 41 19 –
Mural thrombi % 9 6 0 – 25
Impaired left 
ventricular function %

82 76 60 58 63

Abnormal ECG % 94 88 88 92 88
Ventricular tachycardia 
%

41 47 0 18 38

Atrial fibrillation % 26 29 – 5 –
Systemic embolism % 21 24 0 – 38
Sudden death % 18 18 7 – 13

Source: Adapted from [87]
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factors that alter flow through the ventricle including an extensively trabeculated 
ventricle, depressed systolic function and development of atrial fibrillation [9, 14]. 
Of note, however, no systemic embolic events were reported in the largest pediatric 
series with LVNC [86].

An association between LVNC and facial dysmorphisms, including a prominent 
forehead, low-set ears, strabismus, high-arching palate, and micrognathia, was 
described by Chin et al. [1]. One third of children with LVNC in the series by Ichida 
et al. had similar dysmorphic facial features [86]. No associated dysmorphic facial 
features were observed in two adult populations with LVNC [9, 19]. An association 
between noncompaction and neuromuscular disorders has also been described with 
as many as 82% of patients having some form of neuromuscular disorder [24, 74].

More recently acquired and reversible LVNC has been described. This includes 
athletes, in whom the significance of this morphological finding is unclear and can 
cause confusion in otherwise healthy subjects [10, 11]. Other cases of acquired 
LVNC have been documented in sickle cell anaemia, pregnancy and chronic kidney 
disease [10, 11, 25, 91].

12.10  Diagnostic Criteria of Ventricular Noncompaction

The diagnosis is most commonly made morphologically by 2-dimensional echocar-
diography in combination with color Doppler technique (Figs. 12.1 and 12.2). The 
predominant feature demonstrated is a thickened left ventricular wall consisting of 
two layers, a thin compacted epicardial layer and a thickened endocardial layer with 
multiple prominent ventricular trabeculations with deep intertrabecular recesses. 
Color Doppler imaging is used to demonstrate the flow of blood through the deep 
recesses in continuity with the ventricular cavity [14].

Table 12.5 Electrocardiographic abnormalities asso-
ciated with left ventricular noncompaction

Axis shifts
Abnormal Q-waves
Intraventricular conduction 
abnormalities
AV block
Repolarization changes
LV hypertrophy
ST-segment abnormalities
T-wave changes
Atrial fibrillation
Paroxysmal supraventricular 
tachycardia
WPW-syndrome
Bigemini ventricular 
extrasystoles
Ventricular tachycardia
Ventricular fibrillation

Source: Adapted from [118]
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Echocardiographic studies have shown that noncompaction is found predomi-
nantly in the apical and inferior wall region [9]. RV apex has been described in over 
40% of patients in one case series [9]. Noncompaction is often found in association 
with depressed ventricular systolic function [19] which may coexist with impaired 
diastolic function. Furthermore impaired function is not confined to segments of 
affected myocardium but may also affect what appears to be macroscopically ‘nor-
mal’ myocardium [19].

In an attempt to standardize the diagnosis, three echocardiographic criteria 
have been proposed to diagnose noncompaction. It must be noted that there is no 
universally accepted definition of LVNC [92]. Chin et al. were the first to describe 
a quantitative approach to diagnose noncompaction using a trabeculation trough 
(X) to peak (Y) ratio in end-diastole [1]. The parasternal long-axis view for the 
basal and mid-papillary levels, and the subcostal or apical 4-chamber view for 
the apical segments were used to measure the X:Y ratio. A progressive decrease 
in the X:Y ratio, and an increase in total LV posterior wall thickness from the 
base to the apex was reported in LVNC patients compared to controls in the study 
[1]. While the original paper did not provide a cut-off for the X:Y ratio to diag-
nose LVNC, the subsequent publications report an X:Y ratio of ≤0.5 in diastole 

Fig. 12.1 Two- 
dimensional 
echocardiography
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from short-axis view to diagnose LVNC [92]. However, this criteria has not been 
widely accepted into clinical practice [14, 20]. Later on, first Oechslin et al. and 
later Jenni et al. described the abnormally thickened myocardium as a two lay-
ered structure, with a normally compacted epicardial layer and a thickened endo-
cardial layer [19, 21]. They proposed a quantitative evaluation for the diagnosis 
of LVNC by determining the ratio of maximal thickness of the noncompacted to 
compacted layers (measured at end systole in a parasternal short axis view), with 
a ratio >2 being diagnostic of LVNC.  One advantage of this criteria is that it 
allows differentiation of the trabeculations of LVNC from that observed with 
DCM or hypertensive cardiomyopathy [21]. Stollberger et al. have proposed that 
LVNC is characterized by the presence of three or more coarse, prominent tra-
beculations apical to the papillary muscles, which have the same echogenicity as 
the myocardium, move synchronously with it, are not connected to the papillary 

a

b

Fig. 12.2 Transthoracic 
echocardiography 
demonstrating prominent 
trabeculation (a) with color 
flow mapping 
demonstrating blood flow 
into the deep 
intertrabecular recesses in 
the left ventricle (b)
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muscles, and are surrounded by intertrabecular spaces, which are perfused from 
the ventricular cavity [24]. Similarities between Oechslin et al. and Stollberger 
et al. comprise the description of trabeculation and intertrabecular recesses com-
municating with and perfused from the ventricular cavity. Differences between 
these two definitions are the absence of an anatomic landmark to differentiate 
between trabeculations and papillary muscles in Oechslin’s definition and the 
absence of the number of trabeculations as a criterium of LVNC [19]. Stollberger 
et al.’s definition on the contrary uses the anatomical landmark “apically to the 
papillary muscles” and requires the number of trabeculations [24]. A further dif-
ference between the two definitions includes the ratio of noncompacted to com-
pacted layer at end-systole, which is a key criterium in Oechslin’s definition and 
not included in Stollberger’s definition. To unify the two definitions, in a recent 
review, Stollberger’s et al have proposed that for future echocardiographic stud-
ies and clinical applications, it would be useful to differentiate between definite, 
probable, and possible LVNC [93]. Definite LVNC is said to present if both defi-
nitions are completely fulfilled. Probable LVNC is present if only either 
Oechslin’s or Stollberger’s criteria are fulfilled. Possible LVNC is present if the 
number of trabeculations is lower than four or if the ratio of noncompacted to 
compacted layer is less than two. There is limited concordance between different 
echocardiographic criteria. Transesophageal echocardiography and contrast 
echocardiography may be used when transthoracic studies cannot reliably 
exclude other processes [85, 94]. One report described the use of contrast echo-
cardiography with sonicated albumin in a patient with LVNC [94].

Although echocardiography has been the diagnostic test of choice for noncom-
paction, other modalities have been used for the diagnosis, including contrast 
ventriculography [29, 94, 95] cardiac computed tomography [95, 96] and MRI 
[30, 32, 97].

MRI has shown a good correlation with echocardiography for localization and 
extent of noncompaction [30] (Fig. 12.3) and is particularly useful when echocar-
diography is inconclusive. Furthermore, It is proposed that the differences in MRI 
signal intensity in noncompacted myocardium can be used to identify substrate 
for potentially lethal arrhythmias [97]. It is now possible with MRI techniques 
such as gradient echo sequences to differentiate LVNC accurately from noncom-
pacted areas of the LV as observed in healthy volunteers and, in patients with 
cardiomyopathies and concentric LV hypertrophy. The diagnostic criteria for 
LVNC on MRI include a diastolic ratio of noncompacted to compacted layer of 
greater than 2.3 [98], and an LV trabecular mass >20% of the total LV mass [99]. 
Cardiac Computed Tomography can be used in cases where MRI in contraindi-
cated [100].

Tests such as invasive electrophysiological studies have not been widely used in 
patients with LVNC. Although, signal averaged electrocardiography in five children 
with LVNC showed late potentials in three and prolonged QT dispersion in one 
[30]. It is proposed that similar tests can be used to identify individuals at increased 
risk for ventricular arrhythmias and sudden death.
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12.11  Differential Diagnosis

Any condition that results in prominent trabeculae with or without deep recesses may 
mimic LVNC. Apical HCM, DCM, arrhythmogenic right ventricular dysplasia, endo-
cardial fibroelastosis, cardiac metastases, LV thrombus are some of the more common 
causes that should be borne in mind when considering the diagnosis of LVNC [14, 24, 
28, 85]. It is recommended that one should be wary of making the diagnosis too read-
ily, especially in the presence of impaired ventricular function [101].

a

b

Fig. 12.3 MRI images demonstrating non-compacted fibres in short axis (a) and long axis views 
(b). Note noncompacting fibres are mainly confined to posterior and lateral walls
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Patients with LV hypertrophy secondary to pressure overload from systemic 
hypertension or congenital LV outflow tract obstruction are known to demonstrate 
excessive trabeculae [21, 54]. The existing trabeculae appear abnormally promi-
nent with deep intertrabecular recesses as the myocardial hypertrophy involves 
the trabeculae as well as the outer compact layer. However this can be distin-
guished from LVNC by the preservation of the ratio of the noncompacted to com-
pacted layer of myocardium [1, 21]. This is not to say that patients with LVNC 
cannot develop myocardial hypertrophy as a compensatory mechanism [9, 18, 22, 
23, 87, 102, 103], however the ratio of non-compacted to compacted myocardium 
is not preserved. In addition, myocardial thickening in cases with primary non-
compaction of the myocardium has been described to spare the regions of hyper-
trabeculation [104].

As previously noted, the absence of sinusoids (direct communications between 
the ventricular cavity and the coronary circulation) is another criterion that has fre-
quently been cited for diagnosing primary myocardial noncompaction. These sinu-
soids develop as a means of decompression of the ventricular cavity in cases with 
semilunar valve atresia with an intact ventricular septum and are never present in 
otherwise structurally normal hearts [105–107]. They are mostly found in patients 
with pulmonary atresia and only rarely involve the LV [106, 107]. In these instances, 
excessive myocardial trabeculations, if present, are secondary to myocardial hyper-
trophy and not a form of primary myocardial disease.

12.12  Prognosis

The clinical course and prognosis of patients with noncompaction of the myocar-
dium is highly variable. It can range from a prolonged asymptomatic course to 
rapidly progressive heart failure with resultant heart transplantation or death [20, 
22, 23, 54, 86, 95, 108]. Transient recovery of ventricular function followed by 
later deterioration has been reported in infants [54], but the usual clinical course 
is one of rapid deterioration once symptoms develop [9, 88, 103]. In a group of 
children with myocardial noncompaction followed for up to 17 years, LV dys-
function developed in the vast majority, regardless of the presence of symptoms at 
initial diagnosis [88]. Ritter et al. followed 17 symptomatic adults for 6 years. Of 
which eight patients had died (47.1%) and two underwent heart transplantation 
[9]. In another series of 34 adults with myocardial noncompaction, 47% either 
died or underwent cardiac transplantation during the follow-up period of 44 ± 39 
months [19].

The occurrences of ventricular arrhythmias, systemic emboli, and death was con-
siderably lower in a large pediatric series from Japan [86] compared with those of 
adults. Increased age, higher LV end diastolic diameter at presentation, New York 
Heart Association class III or IV, permanent or persistent atrial fibrillation, bundle 
branch block, and the association with neuromuscular disease have been found to be 
predictors for increased mortality [19, 109]. Patients with these high-risk features 
are candidates for early and aggressive therapeutic interventions.
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12.13  Management

Management of noncompaction of the ventricular myocardium centers on the man-
agement of the three major clinical manifestations: heart failure, arrhythmias, and 
systemic embolic events. Systolic and diastolic ventricular dysfunctions are treated 
with standard medical therapy [87]. Although, there are no large trials in patients 
with noncompaction, there is anecdotal evidence of the beneficial effects of the 
ß-blocker carvedilol on LV dysfunction, mass, and neurohormonal dysfunction 
[33]. Biventricular pacemakers may have a role to play in the treatment of patients 
with severely symptomatic heart failure, poor LV function, and prolonged intraven-
tricular conduction [87]. Cardiac transplantation should be given consideration for 
those with refractory congestive heart failure [110, 111].

Due to the high incidence of arrhythmias in patients with LVNC, annual ambula-
tory ECG monitoring is prudent. Automated implantable cardioverter defibrillators 
(ICD) have an important role in the management of LVNC, although more work is 
required on stratifying patients according to risk of sudden cardiac death [87]. ICD 
use is currently not recommended as primary prophylaxis in LVNC alone, however 
maybe indicated in the setting of impaired systolic function based on current guide-
lines [112]. ICD is indicated for secondary prophylaxis after documented hemody-
namically compromising sustained ventricular tachycardia or aborted sudden death 
[113]. Use of long term prophylactic anticoagulant therapy for all patients with 
ventricular noncompaction remains a controversial topic as the true prevalence of 
embolic phenomenon has not been established and hence the risk-benefit analysis 
cannot be done. However, the prevention of embolic complications remains an 
important issue. Whilst some authors recommend long-term prophylactic antico-
agulation for all patients with ventricular noncompaction [9, 19] others advise anti-
coagulation only for patients with additional risk factors such as atrial fibrillation, 
evidence of thrombus or associated ventricular dysfunction [114, 115].

Clinical screening is recommended for asymptomatic first degree relatives of a 
patients with LVNC [116]. This should include a thorough genetic history, clinical 

Table 12.6 Key points

     1. LVNC is an uncommon cause of cardiomyopathy
     2. It is widely thought to be related to arrested myocardial development
     3. The genetic origin as well as the underlying pathogenesis remains unclear
     4.  It has a classical histopathological pattern and distinctive appearance on 

echocardiography and MRI which allows differentiation from other cardiomyopathies
     5.  LVNC is clinically characterized by a high prevalence of heart failure, thromboembolic 

complications and arrhythmias
     6. Management of LVNC centers on these three major clinical manifestations
     7. The clinical course and the prognosis of LVNC patients is highly variable
     8.  Increasing age, a dilated LV, symptoms of New York Heart Association class III or IV 

severity, atrial fibrillation, bundle branch block, and should lower the threshold for more 
aggressive management

     9. The high incidence of familial occurrence warrants echocardiographic familial screening
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history of possible symptoms, examination, electrocardiogram and echocardio-
gram. The role of genetic testing in asymptomatic subjects remains undefined. In 
asymptomatic relatives of a patient with an identified pathological mutation, tar-
geted sequences may be of benefit [117]. Due to association of neuromuscular dis-
orders and facial dysmorphism with noncompaction, their evaluation and treatment 
are required to complete the management [87, 118] (Table 12.6).

References

 1. Chin TK, Perloff JK, Williams RG, et al. Isolated noncompaction of left ventricular myocar-
dium. A study of eight cases. Circulation. 1990;82(2):507–13.

 2. Dusek J, Ostadal B, Duskova M. Postnatal persistence of spongy myocardium with embryonic 
blood supply. Arch Pathol. 1975;99(6):312–7.

 3. Maron BJ, Towbin JA, Thiene G, et  al. Contemporary definitions and classification of the 
cardiomyopathies: an American Heart Association Scientific Statement from the Council 
on Clinical Cardiology, Heart Failure and Transplantation Committee; Quality of Care and 
Outcomes Research and Functional Genomics and Translational Biology Interdisciplinary 
Working Groups; and Council on Epidemiology and Prevention. Circulation. 2006;113(14): 
1807–16.

 4. Jenni R, Goebel N, Tartini R, et al. Persisting myocardial sinusoids of both ventricles as an 
isolated anomaly: echocardiographic, angiographic, and pathologic anatomical findings. 
Cardiovasc Intervent Radiol. 1986;9(3):127–31.

 5. Elliott P, Andersson B, Arbustini E, et al. Classification of the cardiomyopathies: a position 
statement from the european society of cardiology working group on myocardial and pericar-
dial diseases. Eur Heart J. 2008;29(2):270–6.

 6. Lauer RM, Fink HP, Petry EL, et al. Angiographic demonstration of intramyocardial sinusoids 
in pulmonary-valve atresia with intact ventricular septum and hypoplastic right ventricle. N 
Engl J Med. 1964;271:68–72.

 7. Ozkutlu S, Ayabakan C, Celiker A, et al. Noncompaction of ventricular myocardium: a study 
of twelve patients. J Am Soc Echocardiogr. 2002;15(12):1523–8.

 8. Biagini E, Ragni L, Ferlito M, et al. Different types of cardiomyipathy associated with isolated 
ventricular noncompaction. Am J Cardiol. 2006;98(6):821–4.

 9. Ritter M, Oechslin E, Sutsch G, et al. Isolated noncompaction of the myocardium in adults. 
Mayo Clin Proc. 1997;72(1):26–31.

 10. Gati S, Chandra N, Bennett RL, et al. Increased left ventricular trabeculation in highly trained 
athletes: do we need more stringent criteria for the diagnosis of left ventricular non- compaction 
in athletes? Heart. 2013;99(6):401–8.

 11. Gati S, Papadakis M, Van Niekerk N, et al. Increased left ventricular trabeculation in indi-
viduals with sickle cell anaemia: physiology or pathology? Int J Cardiol. 2013;168(2): 
1658–60.

 12. Harvey RP. Patterning the vertebrate heart. Nat Rev Genet. 2002;3(7):544–56.
 13. Srivastava D, Olson EN.  A genetic blueprint for cardiac development. Nature. 

2000;407(6801):221–6.
 14. Agmon Y, Connolly HM, Olson LJ, et al. Noncompaction of the ventricular myocardium. J Am 

Soc Echocardiogr. 1999;12(10):859–63.
 15. Eisenberg LM, Markwald RR. Cellular recruitment and the development of the myocardium. 

Dev Biol. 2004;274(2):225–32.
 16. Bernanke DH, Velkey JM. Development of the coronary blood supply: changing concepts and 

current ideas. Anat Rec. 2002;269(4):198–208.
 17. Freedom RM, Yoo SJ, Perrin D, et al. The morphological spectrum of ventricular noncompac-

tion. Cardiol Young. 2005;15(4):345–64.

12 Inherited Cardiac Muscle Disorders: Left Ventricular Noncompaction



408

 18. Zambrano E, Marshalko SJ, Jaffe CC, et  al. Isolated noncompaction of the ventricu-
lar myocardium: clinical and molecular aspects of a rare cardiomyopathy. Lab Investig. 
2002;82(2):117–22.

 19. Oechslin E, Attenhofer Jost CH, Rojas JR, et al. Long-term follow-up of 34 adults with iso-
lated left ventricular noncompaction: a distinct cardiomyopathy with poor prognosis. J Am 
Coll Cardiol. 2000;36(2):493–500.

 20. Rigopoulos A, Rizos IK, Aggeli C, et al. Isolated left ventricular noncompaction: an unclas-
sified cardiomyopathy with severe prognosis in adults. Cardiology. 2002;98(1–2):25–32.

 21. Jenni R, Oechslin E, Schneider J, et al. Echocardiographic and pathoanatomical character-
istics of isolated left ventricular non-compaction: a step towards classification as a distinct 
cardiomyopathy. Heart. 2001;86(6):666–71.

 22. Bleyl SB, Mumford BR, Brown-Harrison MC, et al. Xq28-linked noncompaction of the left 
ventricular myocardium: prenatal diagnosis and pathologic analysis of affected individuals. 
Am J Med Genet. 1997;72(3):257–65.

 23. Bleyl SB, Mumford BR, Thompson V, et al. Neonatal, lethal noncompaction of the left ven-
tricular myocardium is allelic with Barth syndrome. Am J Hum Genet. 1997;61(4):868–72.

 24. Stollberger C, Finsterer J, Blazek G.  Left ventricular hypertrabeculation/noncompaction 
and association with additional cardiac abnormalities and neuromuscular disorders. Am J 
Cardiol. 2002;90(8):899–902.

 25. Markovic NS, Dimkovic N, Damjanovic T, et  al. Isolated ventricular noncompaction in 
patients with chronic renal failure. Clin Nephrol. 2008;70(1):72–6.

 26. Arbustini E, Favalli V, Narula N, et al. Left ventricular noncompaction. A distinct genetic 
cardiomyopathy? J Am Coll Cardiol. 2016;68(9):949–66.

 27. Allenby PA, Gould NS, Schwartz MF, et al. Dysplastic cardiac development presenting as 
cardiomyopathy. Arch Pathol Lab Med. 1988;112(12):1255–8.

 28. Boyd MT, Seward JB, Tajik AJ, et al. Frequency and location of prominent left ventricular 
trabeculations at autopsy in 474 normal human hearts: implications for evaluation of mural 
thrombi by two-dimensional echocardiography. J Am Coll Cardiol. 1987;9(2):323–6.

 29. Engberding R, Bender F.  Identification of a rare congenital anomaly of the myocardium 
by two-dimensional echocardiography: persistence of isolated myocardial sinusoids. Am J 
Cardiol. 1984;53(11):1733–4.

 30. Junga G, Kneifel S, Von Smekal A, et  al. Myocardial ischaemia in children with isolated 
ventricular non-compaction. Eur Heart J. 1999;20(12):910–6.

 31. Jenni R, Oechslin EN, van der Loo B. Isolated ventricular non-compaction of the myocar-
dium in adults. Heart. 2007;93(1):11–5.

 32. Soler R, Rodriguez E, Monserrat L, et al. MRI of subendocardial perfusion deficits in isolated 
left ventricular noncompaction. J Comput Assist Tomogr. 2002;26(3):373–5.

 33. Toyono M, Kondo C, Nakajima Y, et al. Effects of carvedilol on left ventricular function, mass, 
and scintigraphic findings in isolated left ventricular non-compaction. Heart. 2001;86(1):E4.

 34. Hoedemaekers Y, Caliskan D, Majoor-Krakauer I, et al. Cardiac beta-myosin heavy chain 
defects in two families with non-compaction cardiomyopathy: linking non-compaction to 
hypertrophic, restrictive, and dilated cardiomyopathies. Eur Heart J. 2007;28(22):2732–7.

 35. Klaassen S, Probst S, Oechslin E, et al. Mutations in sarcomere protein genes in left ventricu-
lar noncompaction. Circulation. 2008;117(22):2893–901.

 36. Sasse-Klaassen S, Probst S, Gerull B, et al. Novel gene locus for autosomal dominant left 
ventricular noncompaction maps to chromosome 11p15. Circulation. 2004;109(22):2720–3.

 37. Xing Y, Ichida F, Matsuoka T, et al. Genetic analysis in patients with left ventricular noncom-
paction and evidence for genetic heterogeneity. Mol Genet Metab. 2006;88(1):71–7.

 38. Digilio MC, Marino B, Bevilacqua M, et al. Genetic heterogeneity of isolated noncompaction 
of the left ventricular myocardium. Am J Med Genet. 1999;85(1):90–1.

 39. Aras D, Tufekcioglu O, Ergun K, et al. Clinical features of isolated ventricular noncompac-
tion in adults long-term clinical course, echocardiographic properties, and predictors of left 
ventricular failure. J Card Fail. 2006;12(9):726–33.

J. Marangou et al.



409

 40. Charron P, Arad M, Arbustini E, et al. Genetic counselling and testing in cardiomyopathies: a 
position statement of the European Society of Cardiology Working Group on Myocardial and 
Pericardial Diseases. Eur Heart J. 2010;31(22):2715–26.

 41. Zaragoza MV, Arbustini E, Narula J. Noncompaction of the left ventricle: primary cardiomy-
opathy with an elusive genetic etiology. Curr Opin Pediatr. 2007;19(46):619–27.

 42. Ichida F, Tsubata S, Bowles KR, et al. Novel gene mutations in patients with left ventricular 
noncompaction or Barth syndrome. Circulation. 2001;103(9):1256–63.

 43. Marziliano N, Mannarino S, Nespoli L, et  al. Barth syndrome associated with compound 
hemizygosity and heterozygosity of the TAZ and LDB3 genes. Am J Med Genet A. 
2007;143(9):907–15.

 44. Vatta M, Mohapatra B, Jimenez S, et al. Mutations in Cypher/ZASP in patients with dilated car-
diomyopathy and left ventricular non-compaction. J Am Coll Cardiol. 2003;42(11):2014–27.

 45. Luedde M, Ehlermann P, Weichenhan D, et  al. Severe familial left ventricular non- 
compaction cardiomyopathy due to a novel troponin T (TNNT2) mutation. Cardiovasc Res. 
2010;86(3):452–60.

 46. Luxan G, Casanova J, Martinez-Poveda B, et  al. Mutations in the NOTCH pathway 
regulator MIB1 cause left ventricular noncompaction cardiomyopathy. Nature Med. 
2013;19(2):193–201.

 47. Arndt A, Schafer S, Drenckhahn J, et al. Fine mapping of the 1p36 deletion syndrome identi-
fies mutation of PRDM16 as a cause of cardiomyopathy. Am J Hum Genet. 2013;93(1):67–77.

 48. Probst S, Oechslin E, Schuler P. Sarcomere gene mutations in isolated left ventricular non-
compaction cardiomyopathy do not predict clinical phenotype. Circ Cardiovasc Genet. 
2011;4(4):367–74.

 49. Sandhu R, Finkelhor R, Gunawardena D, et al. Prevalence and characteristics of left ven-
tricular noncompaction in a community hospital cohort of patients with systolic dysfunction. 
Echocardiography. 2008;25(1):8–12.

 50. Hermida-Prieto M, Monserrat L, Castro-Beiras A, et  al. Familial dilated cardiomyopathy 
and isolated left ventricular noncompaction associated with lamin A/C gene mutations. Am J 
Cardiol. 2004;94(1):50–4.

 51. Bione S, D’Adamo P, Maestrini E, et al. A novel X-linked gene, G4.5 is responsible for Barth 
syndrome. Nat Genet. 1996;12(4):385–9.

 52. Chen R, Tsuji T, Ichida F, Bowles KR, et al. Mutation analysis of the G4.5 gene in patients 
with isolated left ventricular noncompaction. Mol Genet Metab. 2002;77(4):319–25.

 53. Kenton AB, Sanchez X, Coveler KJ, et al. Isolated left ventricular noncompaction is rarely 
caused by mutations in G4.5, alpha-dystrobrevin and FK binding protein-12. Mol Genet 
Metab. 2004;82(2):162–6.

 54. Pignatelli RH, McMahon CJ, Dreyer WJ, et  al. Clinical characterization of left ventricu-
lar noncompaction in children: a relatively common form of cardiomyopathy. Circulation. 
2003;108(21):2672–8.

 55. Thienpont B, Mertens L, Buyse G, et al. Left-ventricular non-compaction in a patient with 
monosomy 1p36. Eur J Med Genet. 2007;50(3):233–6.

 56. Kanemoto N, Horigome H, Nakayama J, et al. Interstitial 1q43-q43 deletion with left ven-
tricular noncompaction myocardium. Eur J Med Genet. 2006;49(3):247–53.

 57. Benson DW, Silberbach GM, Kavanaugh-McHugh A, et al. Mutations in the cardiac tran-
scription factor NKX2.5 affect diverse cardiac developmental pathways. J Clin Invest. 
1999;104(11):1567–73.

 58. Schott JJ, Benson DW, Basson CT, et al. Congenital heart disease caused by mutations in the 
transcription factor NKX2-5. Science. 1998;281(5373):108–11.

 59. Pauli RM, Scheib-Wixted S, Cripe L, et al. Ventricular noncompaction and distal chromo-
some 5q deletion. Am J Med Genet. 1999;85(4):419–23.

 60. Pashmforoush M, Lu JT, Chen H, et al. Nkx2-5 pathways and congenital heart disease; loss of 
ventricular myocyte lineage specification leads to progressive cardiomyopathy and complete 
heart block. Cell. 2004;117(3):373–86.

12 Inherited Cardiac Muscle Disorders: Left Ventricular Noncompaction



410

 61. Schlame M, Ren M. Barth syndrome, a human disorder of cardiolipin metabolism. FEBS 
Lett. 2006;580(23):5450–5.

 62. Scaglia F, Towbin JA, Craigen WJ, et al. Clinical spectrum, morbidity, and mortality in 113 
pediatric patients with mitochondrial disease. Pediatrics. 2004;114(4):925–31.

 63. Yaplito-Lee J, Weintraub R, Jamsen K, et al. Cardiac manifestations in oxidative phosphory-
lation disorders of childhood. J Pediatr. 2007;150(4):407–11.

 64. Davili Z, Johar S, Hughes C, et  al. Succinate dehydrogenase deficiency associated with 
dilated cardiomyopathy and ventricular noncompaction. Eur J Pediatr. 2007;166(8):867–70.

 65. Finsterer J, Stollberger C, Kopsa W, et al. Wolff-Parkinson-White syndrome and isolated left 
ventricular abnormal trabeculation as a manifestation of Leber’s hereditary optic neuropathy. 
Can J Cardiol. 2001;17(4):464–6.

 66. Finsterer J, Stollberger C, Feichtinger H. Non-compaction on autopsy in Duchenne muscular 
dystrophy. Cardiology. 2007;108(3):161–3.

 67. Finsterer J, Stollberger C, Steger C, et al. Complete heart block associated with noncom-
paction, nail-patella syndrome, and mitochondrial myopathy. J Electrocardiol. 2007;40(4): 
352–4.

 68. Finsterer J, Schoser B, Stollberger C.  Myoadenylate-deaminase gene mutation associated 
with left ventricular hypertrabeculation/non-compaction. Acta Cardiol. 2004;59(4):453–6.

 69. Finsterer J, Stollberger C, Schubert B. Acquired left ventricular hypertrabeculation/noncom-
paction in mitochondriopathy. Cardiology. 2004;102(4):228–30.

 70. Finsterer J, Bittner R, Bodingbauer M, et al. Complex mitochondriopathy associated with 4 
mtDNA transitions. Eur Neurol. 2000;44(1):37–41.

 71. Wallace DC. Mitochondrial diseases in man and mouse. Science. 1999;283(5407):1482–8.
 72. Tanpaiboon P, Callahan PF, Sloan J, et al. Noncompaction of the ventricular myocardium and 

hydrops fetalis in cobalamin C deficiency. Programme and abstracts of the American Society 
of Human Genetics Annual Meeting. 2006. Ref Type: Abstract.

 73. Lofiego C, Biagini E, Pasquale F, et al. Wide spectrum of presentation and variable outcomes 
of isolated left ventricular non-compaction. Heart. 2007;93(1):65–71.

 74. Stollberger C, Finsterer J, Blazek G, et al. Left ventricular non-compaction in a patient with 
Becker’s muscular dystrophy. Heart. 1996;76(4):380.

 75. Corrado G, Checcarelli N, Santarone M, et al. Left ventricular hypertrabeculation/noncom-
paction with PMP22 duplication-based Charcot-Marie-Tooth disease type 1A. Cardiology. 
2006;105(3):142–5.

 76. Finsterer J, Stolberger C, Kopsa W. Noncompaction in myotonic dystrophy type 1 on cardiac 
MRI. Cardiology. 2005;103(3):167–8.

 77. OMIM Online Mendelian Inheritance in Man. 2017. Ref Type: Internet Communication.
 78. Van Heerde M, Hruda J, Hazekamp MG.  Severe pulmonary hypertension secondary to a 

parachute-like mitral valve, with the left superior caval vein draining into the coronary sinus, 
in a girl with Turner’s syndrome. Cardiol Young. 2003;13(4):364–6.

 79. McMahon CJ, Chang AC, Pignatelli RH, et al. Left ventricular noncompaction cardiomyopa-
thy in association with trisomy 13. Pediatr Cardiol. 2005;26(4):477–9.

 80. Kherbaoui-Redouani L, Eschard C, Bednarek N, et al. Cutaneous aplasia, noncompaction of 
the left ventricle and severe cardiac arrhythmia: a new case of MLS syndrome (microphtal-
mia with linear skin defects). Arch Pediatr. 2003;10(3):224–6.

 81. Mandel K, Grunebaum E, Benson L. Noncompaction of the myocardium associated with 
Roifman syndrome. Cardiol Young. 2001;11(2):240–3.

 82. Wong JA, Bofinger MK. Noncompaction of the ventricular myocardium in Melnick-Needles 
syndrome. Am J Med Genet. 1997;71(1):72–5.

 83. Amann G, Sherman FS. Myocardial dysgenesis with persistent sinusoids in a neonate with 
Noonan’s phenotype. Pediatr Pathol. 1992;12(1):83–92.

 84. Matsumoto T, Watanabe A, Migita M, et al. Transient cardiomyopathy in a patient with con-
genital contractural arachnodactyly (Beals syndrome). J Nippon Med Sch. 2006;73(5):285–8.

 85. Maltagliati A, Pepi M. Isolated noncompaction of the myocardium: multiplane transesopha-
geal echocardiography diagnosis in an adult. J Am Soc Echocardiogr. 2000;13(11):1047–9.

J. Marangou et al.



411

 86. Ichida F, Hamamichi Y, Miyawaki T, et al. Clinical features of isolated noncompaction of 
the ventricular myocardium: long-term clinical course, hemodynamic properties, and genetic 
background. J Am Coll Cardiol. 1999;34(1):233–40.

 87. Weiford BC, Subbarao VD, Mulhern KM. Noncompaction of the ventricular myocardium. 
Circulation. 2004;109(24):2965–71.

 88. Hook S, Ratliff NB, Rosenkranz E, et al. Isolated noncompaction of the ventricular myocar-
dium. Pediatr Cardiol. 1996;17(1):43–5.

 89. Reynen K, Bachmann K, Singer H. Spongy myocardium. Cardiology. 1997;88(6):601–2.
 90. Yasukawa K, Terai M, Honda A, et al. Isolated noncompaction of ventricular myocardium 

associated with fatal ventricular fibrillation. Pediatr Cardiol. 2001;22(6):512–4.
 91. Gati S, Papadakis M, Papamichael ND, et al. Reversible de novo left ventricular trabecula-

tions in pregnant women: implications for the diagnosis of left ventricular noncompaction in 
low-risk populations. Circulation. 2014;130(6):475–83.

 92. Oechslin E, Jenni R.  Left ventricular noncompaction revisited: a distinct phenotype with 
genetic heterogeneity? Eur Heart J. 2011;32(12):1446–56.

 93. Finsterer J, Stollberger C. Definite, probable, or possible left ventricular hypertrabeculation/
noncompaction. Int J Cardiol. 2008;123(2):175–6.

 94. Koo BK, Choi D, Ha JW, et  al. Isolated noncompaction of the ventricular myocardium: 
contrast echocardiographic findings and review of the literature. Echocardiography. 
2002;19(2):153–6.

 95. Conces DJ, Ryan T, Tarver RD. Noncompaction of ventricular myocardium: CT appearance. 
AJR Am J Roentgenol. 1991;156(4):717–8.

 96. Hamamichi Y, Ichida F, Hashimoto I, et al. Isolated noncompaction of the ventricular myo-
cardium: ultrafast computed tomography and magnetic resonance imaging. Int J Cardiovasc 
Imaging. 2001;17(4):305–14.

 97. Daimon Y, Watanabe S, Takeda S, et al. Two-layered appearance of noncompaction of the 
ventricular myocardium on magnetic resonance imaging. Circ J. 2002;66(6):619–21.

 98. Petersen SE, Selvanayagam JB, Wiesmann F, et al. Left ventricular non-compaction: insights 
from cardiovascular magnetic resonance imaging. J Am Coll Cardiol. 2005;46(1):101–5.

 99. Jacquier A, Thuny F, Jop B, et al. Measurement of trabeculated left ventricular mass using 
cardiac magnetic resonance imaging in the diagnosis of left ventricular non-compaction. Eur 
Heart J. 2010;31(9):1098–104.

 100. Melendez-Ramirez G, Castillo-Castellon F, Espinola-Zavaleta N, et al. Left ventricular non-
compaction: a proposal of new diagnostic criteria by multidetector computed tomography. J 
Cardiovasc Comput Tomogr. 2012;6(5):346–54.

 101. Kohli SK, Pantazis AA, Shah JS, et  al. Diagnosis of left-ventricular non-compaction in 
patients with left-ventricular systolic dysfunction: time for a reappraisal of diagnostic crite-
ria? Eur Heart J 2008;29, 1:89-95.

 102. Lengyel M. Isolated left ventricular noncompaction – first description in a Hungarian patient. 
Orv Hetil. 2002;143(27):1651–3.

 103. Mizuno Y, Thompson TG, Guyon JR, et al. Desmuslin, an intermediate filament protein that 
interacts with alpha-dystrobrevin and desmin. Proc Natl Acad Sci U S A. 2001;98(11):6156–61.

 104. Finsterer J, Stollberger C, Feichtinge H. Histological appearance of left ventricular hypertra-
beculation/noncompaction. Cardiology. 2002;98(3):162–4.

 105. Calder AL, Co EE, Sage MD.  Coronary arterial abnormalities in pulmonary atresia with 
intact ventricular septum. Am J Cardiol. 1987;59(5):436–42.

 106. Emmanouilides GC, Riemenschneider TA, Allen HD, et al. Hypoplastic left heart syndrome. 
In:  Moss and Adams heart disease in infants, children and adolescents. Baltimore: Williams 
and Wilkins; 1995. p. 1133–53.

 107. Emmanouilides GC, Riemenschneider TA, Allen HD, et  al. Pulmonary atresia and intact 
ventricular septum. In:  Moss and Adams heart disease in infants, children, and adolescents. 
Baltimore: Williams and Wilkins; 1995. p. 962–83.

 108. Murphy RT, Thaman R, Gimeno Blanes J, et al. Natural history and familial characteristics of 
isolated left ventricular non-compaction. Eur Heart J. 2005;26(2):187–92.

12 Inherited Cardiac Muscle Disorders: Left Ventricular Noncompaction



412

 109. Stollberger C, Winkler-Dworak M, Blazek G, et al. Prognosis of left ventricular hypertra-
beculation/noncompaction is dependent on cardiac and neuromuscular comorbidity. Int J 
Cardiol. 2007;121(2):189–93.

 110. Conraads V, Paelinck B, Vorlat A, et al. Isolated non-compaction of the left ventricle: a rare 
indication for transplantation. J Heart Lung Transplant. 2001;20(8):904–7.

 111. Stamou SC, Lefrak EA, Athari FC, et al. Heart transplantation in a patient with isolated non-
compaction of the left ventricular myocardium. Ann Thorac Surg. 2004;77(5):1806–8.

 112. Hunt SA, Abraham WT, Chin MH, et al. 2009 focused update incorporated into the ACC/
AHA 2005 Guidelines for the Diagnosis and Management of Heart Failure in Adults: a report 
of the American College of Cardiology Foundation/American Heart Association Task Force 
on Practice Guidelines: developed in collaboration with the International Society for Heart 
and Lung Transplantation. Circulation. 2009;119(14):e391–479.

 113. Kobza R, Steffel J, Erne P, et  al. Implantable cardioverter-defibrillator and cardiac resyn-
chronization therapy in patients with left ventricular noncompaction. Heart Rhythm. 
2010;7(11):1545–9.

 114. Stollberger C, Finsterer J. Thrombi in left ventricular hypertrabeculation/noncompaction – 
review of the literature. Acta Cardiol. 2004;59(3):341–4.

 115. Stollberger C, Finsterer J. Trabeculation and left ventricular hypertrabeculation/noncompac-
tion. J Am Soc Echocardiogr. 2004;17(10):1120–1.

 116. Hershberger RE, Lindenfeld J, Mestroni L, et al. Genetic evaluation of cardiomyopathy – a 
Heart Failure Society of America practice guideline. J Card Fail. 2009;15(2):83–97.

 117. Towbin J, Lorts A, Jefferies J.  Left ventricular non-compaction cardiomyopathy. Lancet. 
2015;386(9995):813–25.

 118. Finsterer J, Stollberger C, Blazek G. Neuromuscular implications in left ventricular hypertra-
beculation/noncompaction. Int J Cardiol. 2006;110(3):288–300.

J. Marangou et al.



413© Springer International Publishing AG 2018
D. Kumar, P. Elliott (eds.), Cardiovascular Genetics and Genomics,  
https://doi.org/10.1007/978-3-319-66114-8_13

A. Mazzanti 
Istituti Clinici Scientifici Maugeri SpA SB, Pavia, Italy 

S.G. Priori (*) 
Department of Cardiology, University of Pavia, Pavia, Italy 

Salvatore Maugeri Foundation IRCCS, Pavia, Italy 

Fondazione Salvatore Maugeri, University of Pavia, Pavia, Italy
e-mail: silvia.priori@fsm.it

13Inherited Arrhythmias: LQTS/SQTS/CPVT
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Abstract
“Inherited Arrhythmias” or “channelopathies” are familial disorders caused by 
mutations in genes coding for channel-proteins that control the electrical activity 
of the heart. These mutations predispose affected individuals to the development 
of life-threatening ventricular arrhythmias (polymorphic ventricular tachycardia/
ventricular fibrillation) either by altering the fine-tuned equilibrium of ionic cur-
rents in the cardiac action potential, or by disrupting the electromechanical cou-
pling in cardiomyocytes. Channelopathies are dangerous conditions, accounting 
for up to one third of sudden deaths in young individuals with a structurally 
“normal” heart. Every time an inherited arrhythmia syndrome is diagnosed in a 
patient, his/her family members may be predisposed to the same potentially 
lethal arrhythmias. If a timely diagnosis is reached, however, simple and effica-
cious preventive measures may be applied in most cases. Genetic information 
plays a pivotal role for the diagnosis of inherited arrhythmias and may help in the 
clinical management of patients and their relatives.
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13.1  Introduction

The term “inherited arrhythmias” (or “channelopathies”) defines a group of cardiac 
conditions caused by mutations in genes coding for channel-proteins that control 
the electrical activity of the heart. In the absence of macroscopic or microscopic 
structural heart defects, these mutations favor the development of ventricular tachy-
cardia (VT) or ventricular fibrillation (VF) either by altering the ionic currents that 
regulate the duration of cardiac action potential (as in the case of Long QT syn-
drome, LQTS, and Short QT Syndrome, SQTS), or by disrupting the calcium cycle, 
which constitutes the basis for the electromechanical coupling in cardiomyocytes 
(e.g. Catecholaminergic Polymorphic VT, CPVT) [1, 2]. The clinical relevance of 
channelopathies lies in the fact that they are responsible for up to one third of sud-
den cardiac deaths (SCD) occurring in young patients with a structurally “normal” 
heart at post mortem investigations [2–5].

Taken as a group, channelopathies share some important features:

• They are rare disorders, with a prevalence ranging from 1 in 2000 for LQTS to 
less than 1 in 10,000 for SQTS and CPVT. Globally, however, they might affect 
up to 1 in 1000 unselected individuals from the general population.

• They are monogenic disorders that are most often transmitted in an autosomal 
dominant pattern, although they are typically characterized by incomplete pen-
etrance and variable expressivity.

• They are clinically heterogeneous entities, with phenotypes ranging from asymp-
tomatic, to palpitations, syncope, or SCD, which may occur as the first manifes-
tation of the disease in apparently healthy individuals.

• They may be easily diagnosed with an electrocardiogram (ECG) recorded either 
at rest or during exercise, according to the specific condition.

• Genetic information allows for intervention at various stages in patient manage-
ment, including diagnosis, risk stratification, and choice of therapy [3].

Once a channelopathy is diagnosed, simple prophylactic measures may be pre-
scribed to reduce the arrhythmic risk of most patients. Therapeutic options include 
lifestyle changes (e.g. the avoidance of strenuous exercise in patients with LQTS or 
CPVT), antiarrhythmic drugs, or even the use of implantable cardioverter defibril-
lators (ICD) in selected cases [4, 5].

In the following sections we will outline the key features of three “inherited arrhyth-
mias”, beginning with the Long QT Syndrome, the first channelopathy described and 
therefore the most thoroughly understood with regard to risk stratification of patients 
and pharmacological treatment. We will then approach the mirror entity of LQTS, 
Short QT Syndrome, one of the rarest and most lethal channelopathies, described based 
on fewer than 200 patients in the literature. Finally, we will discuss Catecholaminergic 
Polymorphic Ventricular Tachycardia, highlighted because of the promising results of 
an innovative genetic therapy applied to animal models that aim to cure this disease.

Throughout this chapter we will make reference to the “Guidelines for the 
Management of Patients with Ventricular Arrhythmias and the Prevention of Sudden 
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Cardiac Death,” published by the European Society of Cardiology in 2015 [5]. We will 
also reference two consensus documents released by major international heart rhythm 
societies for the diagnosis and management of “inherited primary arrhythmia syn-
dromes” [4] and the appropriate use of genetic testing in these inheritable conditions [3].

13.2  Long QT Syndrome

13.2.1  Introduction

The definition of Long QT Syndrome (LQTS) includes a class of diseases charac-
terized by the following traits: (1) prolonged ventricular repolarization reflected by 
the QT interval on surface ECG, (2) morphological abnormalities of the T waves, 
and (3) the susceptibility to develop a special form of polymorphic VT (termed 
torsade de pointes), especially during phases of adrenergic stimulation.

13.2.2  Clinical Case

DT, female, was born in 1981. At the age of 5 years, she experienced two syncopal 
episodes while playing in the courtyard. In both cases she lost her consciousness 
abruptly and recovered spontaneously after a few moments without urine loss or sei-
zures. Neurological assessment was negative, while the electrocardiogram revealed 
the presence of a long QT interval (Fig. 13.1, panel a: RR 680 ms, QT 420 ms, QTc 
509 ms). Beta-blocker therapy was started with propranolol 50 mg/day divided in 

RR

300 bpm

QT

V5

Fig. 13.1 Long QT syndrome. Panel (a) Baseline electrocardiogram shows the prolonged QT 
interval: RR 680 ms, QT 420 ms, QTc 509 ms. The broad-base morphology of the T wave is sug-
gestive for type 1 Long QT Syndrome. The red dotted line identifies the RR interval; the blue 
dotted line identifies the QT interval. Panel (b) Exercise stress test with evidence of polymorphic 
VT with a heart rate of approximately 300 b.p.m. initiated by a premature ventricular contraction, 
indicated by the red asterisk
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three doses (2.5 mg/kg/day) and experienced no arrhythmic episodes for the subse-
quent 3 years, undergoing annual controls with exercise stress test and ECG Holter.

At the age of 8, she experienced a sudden loss of consciousness while exercising on 
the treadmill (at the stage of 75 W with the Bruce protocol) during a routine medical 
control at our Center and an episode of polymorphic VT initiated by premature ventricu-
lar contractions in a short-long-short sequence was recorded (Fig. 13.1, panel b). The 
patient recovered spontaneously after 10 s. Since we considered that the dose of beta-
blockers might have been too low for her body weight, we increased propranolol to 
80 mg divided in three doses (3 mg/kg/day) per day and she repeated the exercise stress 
test after a week. She reached a higher stage of exercise (100 W) and no arrhythmias 
were documented. On this regard, it is vital to stress the importance of adapting the dose 
of beta-blockers to the increasing body weight during childhood and adolescence and to 
monitor their chronotropic control performing regular exercise stress tests on therapy.

At the age of 15, we changed therapy to increase the compliance of the patient 
and nadolol 80 mg twice a day was started (2.7 mg/kg/day) without further symp-
toms or ventricular arrhythmias documented. She has remained asymptomatic for 
the past 19 years, and during her first pregnancy at the age of 34 no arrhythmic 
episodes occurred. She continued her therapy without problems and she delivered 
the baby naturally without complications. The baby does not carry the pathogenic 
mutation and has a normal QT interval.

13.2.3  Familial and Genetic Study

The genetic testing performed in the patient revealed a point mutation in the intron 
region (c.1032+1 g>a) of the KCNQ1 gene that originated a splice site error.

No history of sudden death or syncope was present in the family. Both parents 
had normal ECG. When they underwent genetic screening, neither the parents nor 
the brother and sister carried the KCNQ1 variant identified in the proband. Therefore 
the KCNQ1 was presumed to have arisen de novo.

13.2.4  Epidemiology

Patients with LQTS have been described in all ethnic groups. The prevalence of the 
autosomal dominant LQTS in Caucasians is estimated at 1:2000 [4], whereas the 
autosomal recessive form is far less frequent (1 in 200,000 according to epidemio-
logical data from Northern Europe [6]).

13.2.5  Genetic Variants

Up to today 17 variants of congenital LQTS are known, caused mainly by mutations 
in genes encoding for subunits of potassium, sodium, or calcium voltage-dependent 
ion channels (Table 13.1).
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Table 13.1 Clinical forms of long QT syndrome and related genes

Clinical 
LQTS 
Phenotype

LQTS 
Type

Frequency 
(%)

Gene 
symbol Locus Protein Functional effect

Autosomal 
dominant 
LQTS 
without 
extracar-
diac 
manifesta-
tions 
(Romano-
Ward Sdr)

LQT1 40–55 KCNQ1 11p15.5-p15.4 Potassium channel, 
voltage-gated, 
KQT-like subfamily, 
member 1

Loss of function; 
reduction of IKs 
current

LQT2 30–45 KCNH2 7q36.1 Potassium channel, 
voltage-gated, 
subfamily H, 
member 2

Loss of function; 
reduction of IKr 
current

LQT3 5 SCN5A 3p22.2 Sodium channel, 
voltage-gated, type 
V, alpha subunit

Gain of function; 
increase of 
sodium current

LQT4 <1 ANK2 4q25-q26 Ankyrin 2 Loss of function 
(several target 
proteins)

LQT5 <1 KCNE1 21q22.11-q22.12 Potassium channel, 
voltage-gated, 
ISK-related 
subfamily, member 1

Loss of function; 
reduction of IKs 
current

LQT6 <1 KCNE2 21q22.11 Potassium channel, 
voltage-gated, 
ISK-related 
subfamily, member 2

Loss of function; 
reduction of IKr 
current

LQT9 <1 CAV3 3p25.3 Caveolin 3 Secondary gain of 
function of 
sodium channel

LQT10 <1 SCN4B 11q23.3 Sodium channel, 
voltage-gated, type 
IV, beta subunit

Secondary gain of 
function of 
sodium channel

LQT11 <1 AKAP9 7q21.2 A-kinase anchor 
protein 9

Loss of function; 
reduction of IKs 
current

LQT12 <1 SNTA1 20qll.21 Syntrophin, alpha-1 Secondary gain of 
function of 
sodium channel

LQT13 <1 KCNJ5 11q24.3 Potassium channel, 
inwardly rectifying, 
subfamily J, member 
5

Loss of function; 
reduction of 
IK-Ach current

LQT14 <1 CALM1 14q32.11 Calmoduline 1 Loss of function, 
reduction in 
calcium- binding 
affinity

LQT15 <1 CALM2 2p21 Calmoduline 2 Loss of function, 
reduction in 
calcium- binding 
affinity

LQT16 <1 CALM3 19q13.2-q13.3 Calmoduline 3 Loss of function, 
reduction in 
calcium- binding 
affinity

(continued)

13 Inherited Arrhythmias: LQTS/SQTS/CPVT



418

The first three subtypes, LQT1 to LQT3, account for 75% of LQTS cases [4]: 
70% of all LQTS are secondary to loss-of-function mutations affecting either the 
Kv7.1 potassium channel (LQT1, gene KCNQ1) or the Kv11.1 potassium channel 
(LQT2, gene KCNH2), while about 5% are secondary to gain-of-function mutations 
in the Nav1.5 sodium channel (LQT3, gene SCN5A). The other “minor” LQTS 
genes are responsible for 5% of cases, while for the remaining 20% of patients the 
genetic background remains elusive [3], though new LQTS-related genes are con-
tinuously identified.

The two most recent forms of LQTS described are related to mutations in the 
genetic coding for the proteins triadin and calmodulin. Cardiac triadin (gene TRDN) 
is a transmembrane protein located on the sarcoplasmic reticulum (SR) and involved 
in the release of calcium ions from the SR that mediates the calcium homeostasis of 
the cardiomyocyte (see the section on CPVT within this chapter). In 2015 Altmann 
et al. found that 4 of 33 unrelated children with QT prolongation and severe exercise- 
induced arrhythmias carried either homozygous or compound heterozygous frame-
shift TRDN mutations [7].

Calmodulin (or CaM, an abbreviation for calcium-modulated protein) is a multi-
functional intermediate calcium-binding messenger protein expressed in all eukary-
otic cells, where it acts as part of a calcium signal transduction pathway by 

Clinical 
LQTS 
Phenotype

LQTS 
Type

Frequency 
(%)

Gene 
symbol Locus Protein Functional effect

Autosomal 
dominant 
LQTS with 
extracar-
diac 
manifesta-
tions

LQT7 
(ATS)

<1 KCNJ2 17q24.3 Potassium channel, 
inwardly rectifying, 
subfamily J, member 
2

Loss of function; 
reduction of IK1 
current

LQT8 
(TS)

<1 CACNA1C 12p13.33 Calcium channel, 
voltage- dependent, L 
type, alpha-lC 
subunit

Gain of function; 
increase of 
calcium current

Autosomal 
recessive 
LQTS with 
congenital 
deafness 
(Jervell 
and 
Lange-
Nielsen 
Sdr)

JLN1 <1 KCNQ1 11p15.5-p15.4 Potassium channel, 
voltage-gated, 
KQT-like subfamily, 
member 1

Loss of function; 
reduction of IKs 
current

JLN2 <1 KCNE1 21q22.11 Potassium channel, 
voltage-gated, 
ISK-related 
subfamily, member 1

Loss of function; 
reduction of IKs 
current

Autosomal 
recessive 
LQTS 
without 
extracar-
diac 
manifesta-
tions

TRDN 6q22.31 Triadine Loss of function, 
loss of cardiac 
Ca2+ release 
units, impaired 
excitation- 
contraction 
coupling

ATS Andersen Tawil syndrome, TS Timothy syndrome, JLN Jervell and Lange-Nielsen syndrome

Table 13.1 (continued)
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interacting with several target proteins such as kinases or phosphatases. CaM is 
encoded by three genes (CALM1, CALM2, and CALM3), all of which harbor patho-
genic variants linked to LQTS with early and severe expressivity [8, 9].

The principal forms of LQTS may be grouped in the three following clinical 
categories:

 1. Autosomal dominant LQTS (or Romano-Ward Syndrome), which includes 
LQT1-6 and LQT9-15 and is characterized by an isolated prolongation of the QT 
interval;

 2. Autosomal dominant LQTS with extra-cardiac manifestation, which includes:
 – The Andersen-Tawil Syndrome (ATS), characterized by a prolonged QT 

interval, prominent U waves, facial dysmorphisms and hyper/hypokalemic 
periodic paralysis. Half of ATS cases are caused by mutations in the KCNJ2- 
encoded Kir2.1 potassium channel (LQT7).

 – The Timothy Syndrome (TS, or LQT8), which shows prolonged QT, syndactyly, 
cardiac malformations, autism spectrum disorders and facial dysmorphisms. 
LQT8 results from “gain-of-function” mutations in the CACNA1C-encoded 
L-type calcium channel alpha subunit.

 3. Autosomal recessive LQTS, including:
 – Jervell and Lange-Nielsen Syndrome, which combines an extremely pro-

longed QT interval and congenital deafness and is caused by the same (homo-
zygous) or different (compound heterozygous) KCNQ1 or KCNE1 mutations, 
received from both parents;

 – Triadin related LQTS, which represents an overlapping form of LQTS and 
CPVT.

13.2.6  Diagnosis

The diagnosis of LQTS relies primarily on the corrected measurement of the QT 
interval for heart rate (QTc) using Bazett’s formula. From a technical standpoint, it 
is important to standardize the method of measuring the QT interval. The highest 
diagnostic accuracy in LQTS families has been observed for QTc measured in leads 
II and V5 of 12-lead ECGs. Thus, QT should be obtained in one of these leads [10]. 
Furthermore, when using the Bazett formula to correct heart rate, it is important to 
remember that the formula is linear for heart rates between 60 and 100 beats/min. 
Finally, considering the adaptation of the QT to changes in heart rate presents some 
delay (hysteresis), it is recommended to avoid QT measurement when the heart rate 
shows beat-to-beat instability. Whenever it is not possible to achieve a stable heart 
rate (such as in atrial fibrillation), it is reasonable to select the recording showing 
less variability of the RR interval [11].

Secondary causes of QT prolongation (drugs or electrolyte imbalance) need to be 
excluded when assessing the ECG of a patient with suspected LQTS.

According to the current definition [5], LQTS is diagnosed in patients with a 
cardiac arrest (CA) or syncope and a QTc >460 ms in repeated electrocardiograms, 
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whereas in asymptomatic individuals without a family history of LQTS, a QTc 
>480 ms is required to establish the diagnosis [5].

Although a prolonged ventricular repolarization is the hallmark of LQTS, up to 
one third of carriers of a pathogenic mutation exhibit normal QTc values (incom-
plete penetrance). These “silent” mutation carriers are considered “affected” accord-
ing to the current guidelines, having a higher risk of arrhythmias than the general 
population (10% from birth to 40 years [12]) and consequently need treatment [5]. 
In cases with less evident QT prolongation, a score (the so called “Schwartz Score”) 
has been created that combines the age of the patient, clinical and family history, 
and the QTc duration, providing a probability of the diagnosis of LQTS [13].

Aside from the prolonged ventricular repolarization, patients with LQTS present 
with peculiar electro-morphological alterations. These alterations tend to be gene- 
specific, and may help in identifying the syndrome. Notches on the T-wave, for 
instance, are typical for LQT2 and indicate a higher risk for arrhythmic events. 
Long sinus pauses are common among LQT3 patients.

13.2.7  Clinical Manifestations

The clinical manifestations of LQTS are secondary to a distinctive form of poly-
morphic VT, termed torsade de pointes, characterized by fast bursts of ventricular 
complexes that twist 180° around the isoelectric line and lead to syncopal events. 
The precipitants for arrhythmias are often gene-specific, with most events occurring 
during physical or emotional stress in LQT1, sudden noises in LQT2 and during 
sleep in LQT3 patients [4].

The mean age of onset of symptoms is 14 years [14]; earlier manifestations pre-
dict a severe prognosis. Among untreated patients, the natural history is represented 
by the occurrence of several syncopal episodes, eventually leading to SCD (annual 
incidence of SCD between 0.3% and 1% from birth to 40 years [12]). In a non- 
negligible proportion of patients, however, SCD is the first manifestation of the 
syndrome, hence the rationale for treating asymptomatic patients.

Interestingly, LQTS patients are also at high risk for atrial arrhythmias, probably 
due to the prolonged atrial repolarization that may contribute to the initiation of 
atrial fibrillation. This might have prognostic relevance for both the risk of stroke 
and inappropriate shocks in patients with an ICD. Zellerhoff S. et al. assessed the 
occurrence of atrial arrhythmias in 21 LQTS patients and in 21 matched controls 
using ICD or pacemakers as monitors of atrial rhythm and found that 7 of 21 (33%) 
of the LQTS patients developed self-terminating atrial arrhythmias, versus only one 
control patient (P < 0.05) [15].

13.2.8  Risk Stratification

Clinical, electrocardiographic, genetic and demographic parameters should be inte-
grated in the risk stratification of LQTS patients.
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Patients with history of CA/arrhythmic syncope present a higher risk of SCD as 
compared to asymptomatic ones, especially if arrhythmias occur during the first 
year of life. Survivors of a CA have a high risk of recurrences, even while receiving 
beta-blockers (14% within 5 years [16]) and, in general, should receive an ICD as 
secondary prevention of SCD [5].

Similarly, the occurrence of syncope during therapy with adequate dosage of 
beta-blockers calls for aggressive treatment [5].

In asymptomatic individuals, the QT interval itself is the principal indicator of 
risk [12]: patients with QTc >500 ms (and especially >550 ms) are at high risk for 
SCD [12]. Further, ECG markers to consider in risk stratification are the presence of 
T wave alternans and long sinus pauses followed by T wave abnormalities that are 
signs of electrical instability [4].

Genetic information gives an important contribution to risk stratification and it 
is now possible to delineate a gene-specific profile for the risk of SCD: LQT1 
patients are in the lowest risk category, as compared to LQT2 and LQT3 [12]. 
Additionally, mutations in specific regions of a protein have been correlated to the 
clinical severity: mutations in the cytoplasmic loops of LQT1 [17] and mutations 
in the pore region of LQT2 [18] are associated with a high risk of arrhythmias. 
More recently, mutation-specific risk stratification has been proposed and some 
highly malignant LQTS variants, such as the KCNQ1-A341V [19], have been 
recognized.

The highest malignancy is related to the autosomal recessive form of LQTS, the 
Jervell and Lange-Nielsen Syndrome, characterized by a very early onset and major 
QTc prolongation, and in which beta-blockers have limited efficacy [20].

One of the most appealing opportunities in risk stratification of LQTS patients 
derives from the opportunity to integrate genetic and clinical parameters to pro-
vide a truly personalized approach to patient management. Data from the 
International LQTS Registry have shown that male gender is associated with a 
3-fold increase in the risk of life-threatening cardiac events during childhood 
[21] and this effect is especially evident in LQT1 families [21]. Interestingly, 
however, after puberty an opposite trend has been observed and females maintain 
a higher risk than males during adulthood. Sauer et al. [22] in an analysis of 812 
positively genotyped LQTS patients found that women between the ages of 
18–40 years old show a higher risk (2.7 fold) and higher cumulative probability 
(11% vs. 3%) of aborted CA and SCD as compared to men. Importantly, females 
(especially LQT2 women) show a peak of arrhythmic risk in the postpartum 
period [23].

After the age of 40, LQTS women still exhibit a significantly higher arrhythmic 
risk than men [22], and this appears to counterbalance the increased male risk due 
to acquired cardiovascular pathologies in the older age groups. Buber et  al. [24] 
showed a genotype-specific association with the risk for cardiac events during the 
perimenopausal period, including a pronounced increase in the risk for arrhythmic 
events (mainly recurrent syncope) among LQT2 women and an opposite reduction 
in LQT1 women. A partial exception to this comes from LQT3, in which males 
exhibit an increased risk of SCD across their entire life-span [12].
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Finally, it is noteworthy that up to 10% of genotyped LQTS patients may harbor 
a second pathogenic mutation in one of the LQTS-related genes and, according to 
data published by Westenskow et al., they are at increased risk of CA (OR, 3.5; 95% 
CI, 1.2–9.9) compared to patients with 1 or no identified mutation [25].

13.2.9  Management

Lifestyle modifications to limit the exposure to arrhythmic triggers should be 
applied to all LQTS patients. These include: avoidance of drugs prolonging QT 
interval (for a comprehensive list: www.crediblemeds.org), abstention from strenu-
ous exercise (especially swimming) in LQT1 patients and reduction of exposure to 
abrupt loud noises in LQT2 patients.

Beta-blockers are the mainstay pharmacological therapy for LQTS [4]. They are 
indicated in all LQTS patients, including those with a genetic diagnosis and normal 
QTc, unless there is a contraindication. Long-acting non-selective beta-blockers 
(e.g. Nadolol 1–2 mg/kg/day or sustained-release Propranolol 3–5 mg/kg/day) are 
preferred due to improved compliance. Selective beta-blockers (e.g. metoprolol) 
may have a role in asthmatic patients [4].

In LQT3 patients refractory to beta-blockers, sodium channel blockers (espe-
cially mexiletine) have shown to be efficacious in reducing both QT interval and 
arrhythmic events. Our group demonstrated 20 years ago that mexiletine effectively 
shortened the QT interval in LQT3 patients [26]. Recently, we found that long-term 
treatment with mexiletine significantly reduced the occurrence of arrhythmic events 
in a cohort of 32 LQT3 patients treated for a median time of three years: the annual 
rate of LQTS-related syncope and CA dropped from 10.3% before treatment to 
0.7% during therapy (p = 0.0097) [27].

In high-risk patients who are intolerant or refractory to beta-blockers, especially 
infants and children in whom ICD therapy may be relatively dangerous, Left Cardiac 
Sympathetic Denervation (LCSD) should be considered to reduce the probability 
for arrhythmias [4]. Olde Nordkamp et al. published a retrospective study on 11 
symptomatic LQTS patients who underwent LCSD due to therapy-refractory car-
diac events finding that the annual cardiac event rate decreased in 8/10 patients who 
survived LCSD, but after 2  years the probability of complete cardiac event-free 
survival was 59%, demonstrating that LCSD is a therapeutic option, but not a cure 
[28] for these patients.

ICD therapy is indicated in the few patients with a high arrhythmic risk despite 
therapy, such as survivors of a CA or those who experience a syncopal event while 
on beta-blockers [4]. Conversely, the use of an ICD in asymptomatic individuals 
who have never tried beta-blockers is generally not indicated [4]. According to cur-
rent guidelines the prophylactic ICD therapy might be considered in addition to 
beta-blocker therapy in asymptomatic carriers of a pathogenic mutation in KCNH2 
or SCN5A when QTc exceeds 500 ms in repeated measures [5].

A. Mazzanti and S.G. Priori

http://www.crediblemeds.org


423

13.3  Short QT Syndrome

13.3.1  Introduction

The Short QT Syndrome (SQTS) is defined by an abbreviated duration of cardiac 
repolarization, which represents both its diagnostic hallmark on the surface ECG 
and the substrate for the development of VF. Since the 1990s, an association between 
a shorter than normal QT interval with an increased risk of sudden death was postu-
lated, and in 2003 SQTS was identified as an autonomous cause of familial SCD 
[29] (Fig. 13.2).

I
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III
III:1 III:2

I:1 I:2

II:2

III:2 Mother

III:2 Brother

III:1 Proband

ICD, NSVT

Proband
SCD 30 y

ICD, NSVT

I:3
SD

a

b

c

d

Fig. 13.2 Short QT syndrome. Panel (a) The three-generation pedigree shows a family with Short 
QT Syndrome and several cases of sudden death. Circles identify females, squares identify males. 
Blue identifies individuals who exhibited Short QT on electrocardiogram. The red identifies indi-
viduals who expired from sudden death (SD). ICD implantable cardioverter defibrillator, NSVT 
non-sustained ventricular tachycardia. Panel (b) The ECG of the proband exhibited RR 1100 ms, 
QT 290 ms, QTc 277 ms. The symmetrical and peaked T waves are typical of Short QT Syndrome. 
Panel (c) The brother of the proband exhibited a short QT interval: RR 880 ms, QT 300 ms, QTc 
320 ms. His ICD recorded episodes of fast non-sustained ventricular tachycardia (maximum 8 
beats with a minimum RR interval of 240 ms). Panel (d) The mother of the proband exhibited a 
short QT interval: RR 880 ms, QT 300 ms, QTc 320 ms
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13.3.2  Clinical Case

FT, male, died suddenly while sleeping at the age of 30. He was previously asymp-
tomatic. A 12 lead electrocardiogram (ECG) recorded before CA for routine medi-
cal examination revealed the presence of an extremely short QT interval (RR 
1100 ms, QT 290 ms, QTc 277 ms, Fig. 13.3, panel b). Post-mortem examination 
revealed only minor abnormalities of the myocardium; no DNA was available for 
molecular autopsy.

a

c

d

b

Fig. 13.3 Catecholaminergic polymorphic ventricular tachycardia. Panel (a) Baseline ECG of a 
patient affected by CPVT characterized by sinus bradycardia (heart rate 49 bpm), normal atrio- 
ventricular and intraventricular conduction and normal QT interval (QTc 416 ms). The arrow iden-
tifies the prominent U wave, typical of CPVT. Panel (b) Holter ECG recorded before initiating 
beta-blocker therapy, which shows an episode of bidirectional VT, typical of CPVT, characterized 
by a 180° beat-to-beat rotation of the ectopic QRS complexes on the frontal plane. This child was 
running at the moment of the recording. Panel (c) ECG recording from an exercise stress test per-
formed while on therapy with metoprolol 100 mg BID and verapamil 20 mg BID shows a run of 
bidirectional VT arisen at the peak of the exercise. Panel (d) Verapamil was changed to flecainide 
75 mg BID, which suppressed dramatically the complex arrhythmias. At the peak of the exercise 
(comparable with the previous test), the only arrhythmias were bigeminal ventricular polymorphic 
beats. Red asterisks identify premature ventricular contractions, blue asterisks identify sinus beats
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The brother RT, who 5 years younger, was asymptomatic at the time of clinical 
observation. His ECG also revealed a short QT (RR 880  ms, QT 300  ms, QTc 
320 ms, Fig. 13.3, panel c) interval and for this reason he was treated with hydro- 
quinidine 500 mg BID, and his QTc increased to 400 ms. Due to severe gastric 
intolerance, however, he withdrew from the therapy. He therefore received an ICD, 
which recorded some episodes of fast non-sustained VT (maximum 8 beats, 
Fig.  13.3, panel c). No sustained arrhythmias or appropriate shocks have been 
recorded over 5 years of follow-up.

ECG of the mother of the two patients revealed a short QT interval (RR 880 ms, 
QT 300 ms, QTc 320 ms; Fig. 13.3, panel d), in the absence of clinical manifesta-
tions. She tried hydroquinidine 500 mg BID (QTc 385 ms), but refused to continue 
the therapy and preferred to have an ICD implanted. As in her son’s case, some 
episodes of rapid non-sustained VT were recorded. No sustained arrhythmias or 
appropriate shocks have been recorded over 5 years of follow-up.

The genetic testing performed on the mother failed to identify any mutation in 
one of the principal genes related to the SQTS.

13.3.3  Epidemiology

Less than 200 SQTS patients have been reported in the literature [30, 31], reflecting 
the rarity of the disease (estimated prevalence <1:10,000).

13.3.4  Genetic Variants

SQTS is an autosomal dominant disease and it has been connected to five genes 
encoding for potassium (KCNH2, KCNQ1, KCNJ2) and calcium (CACNA1C and 
CACNB2) conducting channels. The yield of genetic screening is low, only 20% 
overall [31], because each gene accounts for less than 5% of index cases [3, 31]. 
Interestingly, three of these genes are also associated with variants of LQTS (LQT2, 
LQT1 and LQT7). This peculiarity, wherein mutations of the same genes result in 
both abnormally prolonged and abnormally shortened repolarization, has an obvi-
ous biophysical explanation. Mutations responsible for LQTS cause a reduction 
(“loss-of-function”) in the potassium current conducted by the ion channels encoded 
by the KCNQ1, KCNH2 and KCNJ2 genes. Conversely, mutations responsible for 
SQTS cause an increase (“gain-of-function”) in the current conducted by the same 
potassium channels, thus shortening repolarization. Loss-of-function mutations in 
the genes encoding alpha- and beta-subunits of the L-type cardiac calcium channel 
(CACNA1C and CACNB2) have been associated to a mixed phenotype of SQTS and 
Brugada Syndrome (BrS) [32].

Despite the reduced number of families with a positive genotype reported in the 
literature, some genotype-phenotype correlations have been attempted [30, 33]. 
Patients with KCNH2-related mutations (type 1 SQTS, or SQT1) constitute a sub-
group with shorter QT intervals, higher prevalence of atrial fibrillation (AF) at a 
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young age and a more constant response to quinidine in comparison to non-SQT1 
ones [30]. As will be discussed, however, risk stratification according to genotype or 
phenotype is still being explored.

13.3.5  Diagnosis

As with all channelopathies, the diagnosis is based on the duration of the QT inter-
val on a standard 12-lead ECG recorded at rest. QTc values ≤360 ms combined 
with a confirmed pathogenic mutation, symptoms or familial history of SCD at a 
young age are suggestive of the disease [5]. Individuals with QTc ≤340 ms are 
considered affected, even when they are asymptomatic [5, 31]. As for the LQTS, it 
is important that the QT interval is measured when the heart rate is close to 60 beats/
min. This is especially important in young males, who tend to have low heart rates 
at rest: in the context of bradycardia, the Bazett’s formula induces over-correction 
and this may cause the false diagnosis of SQTS. In uncertain cases the exercise 
stress test may be useful in recognizing SQTS patients, who show a reduced adap-
tation of the QT interval to the increase of heart rate. In a case-control study 
Giustetto et al. analyzed the behavior during exercise of 21 SQTS patients, demon-
strating that the mean variation of the absolute QT interval from rest to peak effort 
was 48 ± 14 ms in SQTS patients vs. 120 ± 20 ms in age and gender matched 
controls (P < 0.0001) [34].

13.3.6  Clinical Manifestations

SQTS is highly lethal, and the probability of a CA by the age of 40 years exceeds 
40% [31]. Unfortunately, a CA is the first manifestation of the disease in 40% of 
probands [31].

Symptoms may begin extremely early, even in the neonatal period [29, 31], and 
in fact, SQTS has been advocated as one of the possible causes for the Sudden 
Infant Death Syndrome [4].

In some patients, especially those with type 1 SQTS, the disease may manifest as 
early onset “lone” AF [29].

13.3.7  Risk Stratifications and Management

The clinical manifestations of SQTS are variable, even within the same family, and 
a risk stratification scheme for these patients is not yet available. In contrast with 
LQTS, a relation between the degree of QT interval shortening and an increased 
susceptibility to arrhythmias has not been demonstrated [31], nor has there been any 
data presented in support of the use of genotype to assess cardiac risk [31]. 
Importantly, no clinical predictors of risk have been identified in asymptomatic indi-
viduals [31].
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SQTS patients who survived an episode of CA are candidates for an ICD, because 
the rate of recurrence reaches 10% per year [31]. Similarly, an ICD is recommended 
for patients who have documented spontaneous VT, with or without syncope [4]. On 
the contrary, there are no data to support the implantation of an ICD in asymptom-
atic SQTS patients and therefore risk stratification needs to be personalized.

Among pharmacological options to reduce the occurrence of life-threatening 
arrhythmias, quinidine (a class Ia antiarrhythmic drug) seems promising, because it 
may normalize the duration of the QT interval (especially in patients with KCNH2 
mutations) and it may also reduce ventricular vulnerability during programmed 
electrical stimulation, irrespective of the genotype [30, 35]. According to current 
recommendations, quinidine may be considered in asymptomatic patients with a 
diagnosis of SQTS and a family history of SCD or in patients who qualify for an 
ICD but present a contra-indication to the ICD or refuse it [5]. Data on the clinical 
efficacy of quinidine, however, is lacking so that more data from long-term follow-
 up of patients is needed.

13.4  Catecholaminergic Polymorphic Ventricular Tachycardia

13.4.1  Introduction

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a malignant 
arrhythmogenic syndrome characterized by adrenergic-mediated bidirectional and 
polymorphic VT that leads to syncope and CA during exercise or sudden 
emotions.

13.4.2  Clinical Case

CM, male, was born in 1987. At the age of 2 and 4 years he experienced two epi-
sodes of dizziness while playing.

The clinical evaluation performed at the emergency department was indifferent, 
the ECG was normal (Fig. 13.3, panel a) and a diagnosis of symptomatic hypogly-
cemia was suspected. Investigations proceeded, and at the age of 7 years a run of 
exercise-induced sustained bidirectional VT was recorded by a 24-h Holter ECG 
(Fig 13.3, panel b). Beta-blocker therapy was started with propranolol 3 mg/kg/day 
(divided in three doses) and verapamil 4 mg/kg/day (divided in three doses) was 
added shortly after because of the persistence of complex ventricular arrhythmias at 
the exercise stress test. He remained asymptomatic for the subsequent three years, 
undergoing annual controls with exercise stress test and ECG Holter monitoring 
until the age of 11 years, when he experienced syncope while playing football. At 
the moment of the event he was on therapy with propranolol 60 mg/day and vera-
pamil 80 mg/day.

An ICD was implanted in that occasion; the beta-blocker was changed to nadolol 
and subsequently to metoprolol when the first was temporarily discontinued.
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No further arrhythmic episodes were documented up to the age of 22, when the 
patient received an appropriate ICD shock, which interrupted a sustained VT trig-
gered by a sudden emotion. In that occasion the patient had not been compliant with 
the therapy for some days. The exercise stress test performed during a follow-up 
visit 6 years later, showed the persistence of 8 beats of bidirectional VT arising at 
the peak of the effort (Fig. 13.3, panel c). Therefore the therapy was switched to 
metoprolol 200 mg/day (divided in two doses) and flecainide 150 mg/day (divided 
in two doses), which proved to be successful in suppressing complex ventricular 
arrhythmias (Fig. 13.3, panel d).

He has remained asymptomatic since then.

13.4.3  Familial and Genetic Study

No history of sudden death or syncope was present in the family.
Genetic screening identified a RyR2 missense mutation (Ser2246Leu) through 

Sanger analysis. The genetic screening in the mother did not identify the variant 
found in the proband; moreover she had normal ECG and exercise stress test. No 
clinical or genetic information could have been acquired from the father, who 
refused to undergo clinical and genetic evaluation.

13.4.4  Epidemiology

CPVT is an extremely rare disease, with the most commonly quoted prevalence 
being 1:10,000. This is an approximate estimate, however, because CPVT patients 
have a normal resting ECG, and it is impossible to distinguish between low fre-
quency of the disease and diagnostic underestimation.

13.4.5  Genetic Variants

Two principal CPVT genetic variants are known: an autosomal dominant form 
caused by mutations in the RyR2 gene encoding for the cardiac ryanodine receptor, 
and an autosomal recessive form related to mutations in the CASQ2 gene encoding 
for cardiac calsequestrin.

Both the autosomal dominant and the autosomal recessive variants lead to 
arrhythmias via a shared mechanism that alters the calcium homeostasis in cardio-
myocytes [36]. In physiological conditions, RYR2 opens briefly during the early 
plateau phase of the action potential and mediates a massive release of calcium from 
the SR that initiates the contraction of the cardiomyocyte (i.e. the systolic phase of 
the cardiac cycle) [37]. After systole is completed, calcium ions are actively pumped 
back into the SR by the SR Ca-ATPase (SERCA2a) to allow for the relaxation of 
cardiac muscle (i.e. the diastolic phase), thereby completing this “calcium cycle” 
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[36]. Mutations in both RyR2 and CASQ2, the gene that encodes the SR calcium- 
binding protein calsequestrin, cause spontaneous leakage of calcium ions from the 
SR in diastole, particularly during intense adrenergic activation, such as strenuous 
physical activity or emotions. The resultant calcium overload induces the develop-
ment of delayed after-depolarizations that can trigger supraventricular and ventricu-
lar extrasystoles, which have the potential to degenerate into sustained hyperkinetic 
arrhythmias [38, 39].

Approximately 55% of CPVT index cases carry a mutation in the RyR2 gene, 
while the prevalence of CASQ2 mutations is estimated at 5%. As with LQTS, the 
recessive form is considered more malignant than the dominant variant. Because it 
is unclear whether CASQ2 mutations may also cause autosomal dominant transmis-
sion of the phenotype, it appears reasonable to screen CASQ2 in sporadic RyR2- 
negative index cases.

A partial phenotypic overlap exists between LQTS and CPVT: some carriers of 
LQT4 (gene Ank2), LQT7 (Andersen-Tawil Syndrome), or Triadin variants may 
exhibit bidirectional or stress induced ventricular arrhythmias in their ECG.  It is 
currently debated whether these cases should be regarded as variants of LQTS that 
mimic CPVT or whether KCNJ2, Ank2 and TRDN should be considered as new 
CPVT genes.

13.4.6  Diagnosis

CPVT patients show normal resting ECGs. Sinus bradycardia and large U waves 
have been reported in some patients, but neither finding is specific enough to allow 
a diagnosis. Typically, exercise stress testing or strong emotions elicit the appear-
ance of ventricular premature beats that increase in complexity in parallel with the 
heart rate and culminate with the pathognomonic bi-directional or polymorphic 
VT. The term “bi-directional” VT refers to the 180° rotation on the frontal plane of 
the QRS complexes of the ectopic beats. Adrenergically induced supraventricular 
arrhythmias (premature atrial contractions, runs of supraventricular tachycardia and 
bursts of atrial fibrillation) are also common in CPVT.

13.4.7  Clinical Manifestations

Clinical manifestations of CPVT are stress-induced syncope and CA. The mean age 
of first symptoms is 8 years [40], but the onset of arrhythmias may also occur in 
adulthood. The clinical course is severe, as 30% of patients experience at least one 
syncope before age 10 and nearly 60% of affected individuals have symptomatic 
arrhythmias before age 40 [40].

Sudden CA can be the first manifestation of CPVT in up to 30% of cases [40]. 
Therefore, RyR2 mutations may be regarded as a cause of adrenergically mediated 
idiopathic VF, which may justify genetic testing in such cases [5].
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13.4.8  Risk Stratifications

There are few indicators of risk for adverse outcomes in CPVT. The occurrence of 
CA before diagnosis, but not of syncope, is associated with a higher risk of arrhyth-
mic episodes at follow-up [41]. Similarly, diagnosis in childhood is a predictor of 
severe prognosis.

After diagnosis, the lack of beta-blocker therapy is an independent predictor for 
arrhythmic events [4].

Furthermore, the persistence of complex ventricular arrhythmias during exercise 
testing is a marker for a worse outcome [4].

Genetic information has not yet been able to contribute to risk stratification in 
CPVT patients, but genotype-phenotype correlations are emerging. Current data 
have shown that patients with a RyR2 mutation in the C-terminal channel-forming 
domain showed an increased risk of non-sustained VT, compared to those with 
N-terminal domain mutations [4].

The autosomal recessive form of CPVT related to CASQ2 mutations has been 
related to a more severe prognosis than that of RyR2 mutations.

13.4.9  Management

According to current guidelines, patients with CPVT should restrict physical activ-
ity and reduce exposure to stressful stimuli [5, 39]. As a consequence of the adren-
ergic drive for arrhythmias in CPVT, the most effective pharmacological therapy is 
non-selective beta-blockers, titrated at the maximum tolerated dose in the absence 
of contraindications (e.g. asthma). Nadolol (1–2 mg/kg/day) is considered the most 
clinically effective choice [41, 42]; in countries where nadolol is not available, 
sustained- release Propranolol (3–5 mg/kg/day) can be used. Selective beta-blockers 
(e.g. metoprolol) may have a role in asthmatic patients [4].

Since SCD may occur also in silent carriers of a pathogenic mutation, these 
patients should receive beta-blockers even when they do not exhibit arrhythmias 
during the exercise stress test [5]. In the case series published by Hayashi et al. in 
2012, 2 of 16 (13%) mutation carriers with negative exercise stress test had a CA 
during follow-up, in the absence of therapy [43].

It is important for patients to understand the need for compliance with therapy 
[5]. According to clinical experience, many patients who have had arrhythmic 
events while on therapy might have been non-compliant; the abrupt withdrawal 
of beta-blockade, in fact, may induce a rebound effect of catecholamines on the 
heart [44].

Remarkably, even with appropriate use of beta-blockers, up to one third of CPVT 
patients may experience recurrent arrhythmic events or show persistence of com-
plex arrhythmias at exercise stress test [41]. Patients with arrhythmias refractory to 
beta-blockers should receive flecainide (a Class IC antiarrhythmic) at the dosage of 
1.5–4.5 mg/kg/day as additional therapy [5]. This indication is based on the data 
published in 2009 by Watanabe et  al., who reported that two CPVT patients 
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refractory to beta-blockers had a complete suppression of adrenergic-induced 
arrhythmias with the use of flecainide [45]. The result was further confirmed by van 
der Werf et al., who demonstrated an acute suppression of exercise-induced ven-
tricular arrhythmias in 76% of 33 CPVT patients with persistent arrhythmias despite 
beta- blocker therapy [46].

Patients who experience recurrent symptoms and/or ICD shocks despite optimal 
medical therapy may benefit from LCSD [5]. De Ferrari et al. observed a statisti-
cally significant reduction of arrhythmic events after LCSD in a cohort of 38 symp-
tomatic CPVT patients over a follow-up period of 43 months [47]. The complexity 
of this procedure and the potential complications (e.g. pneumothorax) [48] require 
a specialized surgical center, therefore limiting the broad use of this technique, 
which has obtained a Class IIb recommendation in current guidelines for the pre-
vention of SCD (it may be considered, but efficacy is less well established by evi-
dence) [5].

Finally, in patients who are at particularly high risk of CA, an ICD is indicated. 
Candidates are patients who have survived a CA or those who have experienced 
syncope or sustained VT despite optimal medical therapy and LCSD [5]. To reduce 
the risk of inappropriate shocks that may have a pro-arrhythmic effect, it is impor-
tant to concurrently administer beta-blockers and to program the ICD carefully 
(long delays before shock delivery and high cut-off rates).

The next therapeutic target for channelopathies is the search for a “cure” aimed 
at restoring a gene’s normal function. Promising experimental approaches to “gene- 
therapy” are currently underway in CPVT, with encouraging results from animal 
models. Such studies achieved favorable results in the autosomal recessive form of 
CPVT related to the CASQ2 gene. Our group demonstrated that infection of a viral 
vector carrying wild-type calsequestrin induces long-term expression of a properly 
functioning gene in a knockout murine model [49].

 Conclusions
The seminal discovery of LQTS 50 years ago validated the concept that predis-
position to SCD may be a heritable trait, prompting the characterization of a set 
of primary electrical cardiac disorders with a genetic basis, now known as 
“channelopathies”.

From the collaborative efforts of cardiologists, geneticists and basic scien-
tists, genetic information has entered into the arena of clinical practice as a vital 
and specialized branch of medicine: “molecular cardiology”.

Genetic studies now play a key role in the diagnosis of channelopathies and 
may assist in the early detection of apparently unaffected individuals. The emer-
gence of gene-based risk stratification algorithms and gene-specific treatments 
have led to the possibility for the implementation of preventive measures with 
the intention of reducing the potential lethality associated with these diseases.

The next step in the evolution of genetic studies is the search for an elusive 
cure, aimed at restoring a gene’s normal function. With several promising experi-
mental approaches to gene-therapy currently underway, the future, hopefully, is 
not so far away.
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14Inherited Arrhythmias: Brugada 
Syndrome and Early Repolarisation 
Syndrome

Pieter G. Postema, Krystien V.V. Lieve, 
and Arthur A.M. Wilde

Abstract
In this chapter a detailed overview on Brugada syndrome and the early repolari-
sation syndrome is presented. These two disease entities are associated with 
malignant arrhythmias and sudden death in otherwise healthy young adults and 
even children. We discuss their history, clinical perspectives (including patient 
characteristics and epidemiology), the pathway to the diagnosis, pathophysiolog-
ical mechanisms (including genetic associations) and review clinical risk stratifi-
cation and treatment. With this chapter we aim to provide a thorough insight in 
the knowledge base that has developed in these entities in the past decades and 
we specifically included current debates and uncertainties that are relevant to 
daily practice and influence our judgements. Undoubtedly our understanding of 
these syndromes will continue to develop and influence the management of 
patients and their families in the coming years. Relevant topics for future research 
in these syndromes are likewise provided. We sincerely hope that this chapter is 
of practical use for al health care professionals and researchers in this field and 
that it will contribute to a better understanding and care for affected patients and 
their families.
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14.1  Introduction: Brugada Syndrome

The brothers Pedro and Josep Brugada described the Brugada syndrome as a dis-
tinct clinical entity in 1992. In their initial publication, they reported eight patients 
with a specific ECG pattern (Fig. 14.1) and repeated episodes of aborted sudden 
cardiac death [1]. The contemporary concept of Brugada syndrome is a disorder 
characterized by sudden cardiac death at relatively young age, with familial segre-
gation, an apparent absence of gross structural abnormalities or ischemic heart 
disease, and specific electrocardiographic characteristics [2, 3]. Sudden cardiac 
death is caused by fast polymorphic ventricular tachycardia (VT) and ventricular 
fibrillation (VF) that typically occur in situations associated with an increased 
vagal tone. In some patients with Brugada syndrome, fever or drugs provoke the 
electrocardiographic characteristics and the life-threatening arrhythmias. Brugada 
syndrome is characterized on the electrocardiogram (ECG) by ST segment eleva-
tion directly followed by a negative T-wave in the right precordial leads and in 
leads positioned one or two intercostal space higher (Fig. 14.2), also referred to as 
a coved type Brugada ECG [4–6] or type 1 Brugada ECG [3]. This specific ECG 
hallmark typically fluctuates over time, and in some patients it may only be elicited 
after provocation with class 1A or class 1C antiarrhythmic drugs [7, 8].

V1

V2

Type 1
Coved type

Type 2
Saddleback

Type 3

Fig. 14.1 ST segment morphologies recognized in Brugada syndrome: type 1, 2 and 3 (type 2 and 
3 also recognized as type 2 only)
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In retrospect, the type 1 Brugada ECG was described as early as 1953 in three 
otherwise healthy patients who presented with atypical substernal discomfort or for 
routine medical testing [9]. One year later, ten more patients were described with ST 
elevation in the right precordial leads, including again clear-cut type 1 ECGs, with-
out apparent heart disease and lack of events during follow-up [10]. Furthermore, 
3 years before the publication of Brugada and Brugada in 1992, the characteristic 
Brugada ECG has been described in one out of six cases of VF without apparent 
heart disease [11].

In the late 1970s and 1980s in the United States, unexplained nocturnal death was 
reported in many refugees from East and Southeast Asia, mainly men [12]. This pat-
tern of sudden death during sleep was already known for many centuries in Japan by 
the name Pokkuri (sudden unexpected death at night), and it was often prayed for as 
to end life without pain and suffering [13]. In the Philippines the same phenomenon 
is known as Bangungut (moaning and dying during sleep), in northeast Thailand as 
laitai (died during sleep), and in Laos as non-laitai (sleep death) [14, 15]. When stud-
ied, a considerable number of these patients displayed a Brugada- type ECG [14].

Different genes have been associated with Brugada syndrome since its descrip-
tion. First, in the late 1990s, cardiac sodium channel (SCN5A) mutations were docu-
mented in Brugada syndrome patients [16, 17]. Studies using heterologous 
expression in Xenopus oocytes demonstrated that these mutations resulted in loss- 
of- function of the cardiac sodium channels. Well over 300 SCN5A mutations associ-
ated with Brugada syndrome have been described [18], but SCN5A mutations are 
present in only 15%–30% of clinically diagnosed cases. Some Brugada-‘mutations’ 
have been found in control populations as well or were not proven to segregate with 
the phenotype, challenging their pathogenicity [19–23]. Second, the gene which 
encodes for the glycerol-3-phosphate dehydrogenase 1-like protein (GPD1L), was 
correlated with Brugada syndrome in a single large family [24, 25]. In their report, 

Sternal angle

V1
ic3

V1 V2

V3

V4 V5 V6

Alternative lead
placement

V2
ic3

Fig. 14.2 Placement of 
the ECG leads in Brugada 
syndrome. For use in 
practice, V3 and V5 are 
often relocated from their 
original positions to V1 in 
the 3rd intercostal space 
(V1ic3) and in V2ic3. They 
may even be placed in the 
2nd intercostal space 
(V1ic2, V2ic2)
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London et  al. report a reduction of sodium current in human embryonic kidney 
(HEK) cells expressing the mutated GPD1L gene versus wild-type controls, alike 
the SCN5A mutations linked with Brugada syndrome [26]. Third, loss-of-function 
missense mutations in the genes encoding for the L-type calcium channel 
(CACNA1C, CACNB2 and CACNA2D1) were reported in Brugada syndrome 
patients [27, 28]. Additionally, in a subset of these patients carrying a calcium chan-
nel mutation, the heart rate corrected QT interval appeared to be shorter than nor-
mal. Finally, in rare cases mutations in SCN1B, SCN2B, SCN3B, SCN10A, KCND3, 
KCNE3, KCNJ8, ABCC9, TRPM4, SLMAP, MOG1, PKP2, FGF12, and HCN4 have 
been associated with Brugada syndrome [29–43].

Notwithstanding the identification of as yet unknown genetic mutations and 
pathophysiologic mechanisms, clinical decision making in Brugada syndrome 
remains a daunting task. Implantation of an implantable cardioverter defibrillator 
(ICD) is the generally accepted therapy for the prevention of sudden death in 
patients affected by Brugada syndrome [44–48]. Oral therapy with quinidine may 
also prove valuable [49–55]. Importantly, risk stratification in asymptomatic patients 
is heavily debated, as it is still unclear how to correctly identify the large number of 
patients who will not develop life-threatening arrhythmias and how to prevent over- 
treating patients with ICD-therapy and its own associated morbidity and mortality 
[48, 56, 57].

14.2  Clinical Presentation

14.2.1  Epidemiology

The prevalence of the Brugada ECG is estimated at 1/2000 [58]. This is quite simi-
lar to long QT syndrome with an estimated prevalence of 1/2000 [59], but less than 
hypertrophic cardiomyopathy with a prevalence of 1/500 [60]. The exact preva-
lence of Brugada-like ECGs is difficult to estimate partly because the specific ECG 
pattern typically fluctuates over time and can be intermittently concealed [61, 62]. 
Furthermore, many patients with a spontaneous or inducible Brugada ECG are 
asymptomatic, and therefore will not come under medical attention and will remain 
without diagnosis. Also higher placed right precordial leads will often not be pur-
posely used. The prevalence of the spontaneous Brugada syndrome ECG also 
seems to vary between different regions in the world (Fig.  14.3). Brugada syn-
drome would be most prevalent in East and Southeast Asia, particularly Japan, 
Thailand, and the Philippines, where it is part of the sudden unexplained (noctur-
nal) death syndrome (SUDS or SUNDS), which has been described as a major 
cause of death among young men [14, 92, 93]. In Europe, Brugada syndrome is 
also quite extensively described [20, 44, 94]. In the northern part of Europe [70] as 
well as in the United States [90] its prevalence seems to be lower. The worldwide 
prevalence of the spontaneous type 1 Brugada ECG from current prevalence stud-
ies (Fig.  14.3) is 0.05  ±  0.14% and of the type 2–3 ECG this is 0.17  ±  1.38% 
(n = 437,190).
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14.2.2  The Patient

Malignant arrhythmic events can occur at all ages, from childhood to the elderly [1, 
95, 96] with a peak around the fourth decade [2] of life. To our knowledge, the 
youngest patient clinically diagnosed with Brugada syndrome was 2 days old, [97] 
and the oldest 85 years old [98]. It has been estimated that Brugada syndrome is 
responsible for 4–12% of all sudden cardiac deaths and up to 20% of sudden cardiac 
deaths in patients without apparent structural heart disease [99]. However, these 
estimations have not been verified and may well be overestimating the true casual-
ties due to Brugada syndrome. Still, Brugada syndrome may also be a cause of sud-
den infant death syndrome (SIDS) [95, 100]. Some patients present with palpitations 
or dizziness, but increasingly the clinical scenario is the detection of a Brugada 
ECG in an asymptomatic individual [72, 94, 101]. In a meta-analysis in 2007 of 
1217 Brugada syndrome patients (defined by a spontaneous or inducible Brugada 
ECG and excluding case reports) the majority was asymptomatic (59%, range 
0–80%) [102]. In a more recent meta-analysis of 1312 subjects the number of 
asymptomatic patients was even higher (67%) [103].
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Fig. 14.3 Combined prevalence data of the spontaneous Brugada syndrome ECG in different 
parts of the world from 2000 to 2012. Bars represent mean prevalence in percentages. Only reports 
in English were considered. Prevalence studies in adolescents or children [63–65] were discarded 
for this figure. As the type 1 ECG was only recognized after the first consensus report [3], preva-
lence in two studies was acknowledged as type 1 only [66, 67], a coved type ECG was acknowl-
edged as type 1, a saddleback or suspicious ECG as type 2–3. It should be noted that the populations 
studied and the methods used vary importantly. This figure is similar to [58]. Austria [68], Denmark 
[69], Finland [70], France [71, 72], Germany [73], Greece [74], Turkey [75], Israel [76], Iran [77], 
Italy [78], Japan [66, 79–83], Pakistan [84], Philippines [85], South Korea [86, 87], Taiwan [88], 
USA [67, 89–91]
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When sudden death occurs, it is most likely the result of fast polymorphic VT 
originating from the right ventricle/right ventricular outflow tract [104], which sub-
sequently degenerates into VF leading to cardio-circulatory arrest. The onset of 
these life-threatening arrhythmias typically occurs in situations with an augmented 
vagal tone [105], during sleep [106], or after large meals [107, 108]. Indeed, the 
latter gave rise to the suggestion of the use of a “full stomach test” as a diagnostic 
tool [109]. Hyperthermia, particularly fever, may also provoke the ECG or arrhyth-
mias in a subset of affected patients [55, 110–114]. Furthermore, a large number of 
drugs have been reported to induce Brugada syndrome, or Brugada syndrome-like 
ECG characteristics; for example antiarrhythmic drugs, anti-anginal drugs, psycho-
tropic drugs, and also substances like cocaine and alcohol [2, 3, 115]. Some Brugada 
syndrome patients may experience agonal respiration at night, when arrhythmias 
are most prevalent [14, 106]. This is explained by self-terminating VT, which can 
provoke (recurrent) syncope [116–119]. Clinical presentation with sustained mono-
morphic ventricular tachyarrhythmia, although quite uncommon, has also been 
described [120–125].

In most patients, premature ventricular complexes are scarce during 24-hour 
Holter monitoring, but premature ventricular complexes can occur [116] and may 
increase before the spontaneous onset of VF [126]. The morphology of the preced-
ing premature ventricular contractions appears to be identical to the first beat of 
VF. Repetitive episodes of VF may be initiated by premature ventricular contrac-
tions of similar morphology [126]. Most premature ventricular contractions have a 
left bundle branch block morphology, indicating an origin in the right ventricle. 
There seems to be a predilection site of origin in the right ventricular outflow tract, 
but also extra systoles from the right ventricular free wall, septum and apex contrib-
ute and are capable of initiating VF [104]. Further confirmation of the relationship 
between these right ventricular extra systoles and VF was derived from a study in 
three Brugada syndrome patients using endocardial catheter ablation of focal trig-
gers of VF at different sites in the right ventricle [127]. This therapy resulted in the 
absence of further episodes of tachy-arrhythmias during short-term follow-up. 
Large studies using this strategy of endocardial ablation of VF-initiating extra- 
systoles with long-term follow-up are lacking, however. Moreover, epicardial abla-
tion has now emerged as a more promising treatment [128].

Although the most impressive ECG characteristics in Brugada syndrome are the 
changes in the right precordial leads, other ECG abnormalities are frequently occur-
ring. Supraventricular arrhythmias, mainly atrial fibrillation, are very common with 
a prevalence between 10 and 39% [129–132]. Supraventricular arrhythmias were 
found to be more prevalent in patients who had an indication for ICD for either 
symptoms or inducible VT/VF during electrophysiological study [133, 134]. 
Importantly, atrial arrhythmias may often lead to inappropriate ICD shocks [47, 48, 
56, 57, 134, 135].

For a syndrome that inherits as an autosomal dominant trait with equal transmis-
sion to both genders, there is a striking male to female ratio of 4 to 1 [102, 103, 136]. 
Testosterone is probably a contributor to this gender disparity; surgical castration of 
two Brugada syndrome patients for prostate cancer normalized their ECGs [137], 
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and testosterone levels in Brugada syndrome patients were found to be higher when 
compared to controls [138]. Sex hormones were suggested to modulate potassium 
and calcium currents during the repolarisation phase of the action potential [139]. 
Where testosterone may shorten the action potential duration [140], oestrogen may 
lengthen action potential duration [141]. Furthermore, a different distribution of 
certain ionic currents, particularly Ito, in males versus females may contribute [140]. 
Whether a difference in, for example, structural changes (fibrosis) may also play a 
role is uncertain.

14.3  Electrocardiography and Diagnosis

14.3.1  The Brugada ECG

Since its description in 1992, the signature sign of Brugada syndrome is its charac-
teristic ECG [1, 44]. Patients with a spontaneous Brugada ECG and symptoms are 
considered to be at a high risk for sudden death secondary to VT/VF [44, 46, 94, 
103, 136]. The electrocardiographic manifestation of Brugada syndrome is typically 
dynamic and may often be concealed. The latter has important consequences for 
risk stratification and follow-up of these patients, as patients with dynamic ECGs 
can still be at risk for future arrhythmic events [107, 142, 143]. Furthermore, the 
ECG may be influenced or elicited by hyperthermia and drugs.

The diagnosis of Brugada syndrome requires the demonstration of the “type 1” 
ECG pattern (Fig. 14.1) [2, 3, 144]. Since 2013, this type 1 Brugada ECG consists 
of ≥2 mm J point elevation in at least one of the right precordial leads (V1 and V2), 
in the standard 4th, or in the 3rd or 2nd intercostal space, gradually descending into 
a negative T-wave (also known as a “coved type” morphology of the ST-T segment). 
While between 2002 and 2013, V3 was also included but higher right precordial 
leads were not included in the consensus criteria (although they were increasingly 
used by many expert centres in the world). In some patients, the Brugada syndrome 
type 1 ECG is exclusively diagnosed in the leads positioned in the 3rd or 2nd inter-
costal space [5, 6, 145]. The reason why the characteristic Brugada ECG can be 
found in different intercostal spaces is most probable due to varying positions of the 
right ventricular outflow tract [146]. Importantly, with the higher placement of the 
V1 and V2 leads (Fig. 14.2), sensitivity increases and there do not seem to be false- 
positive test results [147]. Also the prognosis of patients with a spontaneous type 1 
morphology exclusively in the leads positioned in the third intercostal seems to be 
similar to patients with a spontaneous type 1 morphology in V1 and V2 [148]. 
However, large prospective and long-term follow-up studies in the use of higher 
placed V1 and V2 are still lacking.

The type 1 ECG may be spontaneously present or provoked by drugs or hyper-
thermia. In the first and the second consensus report, the definite diagnosis of 
Brugada syndrome required, in addition to the type 1 ECG, either documented VT 
or VF, a family history of sudden cardiac death at <45 years old, coved-type ECGs 
in family members, syncope, inducibility of VT/VF with programmed electrical 
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stimulation, or nocturnal agonal respiration [2, 3]. In the third consensus report in 
2013, these additions were abandoned and only the ECG pattern, in the absence of 
an alternative diagnosis (‘phenocopy’), was regarded sufficient for the diagnosis of 
Brugada syndrome.

Previously, there were two other ECG patterns recognized in Brugada syndrome, 
a type 2 and a type 3 ECG, although they are not considered to be specific and, 
importantly, not diagnostic (Fig. 14.1). Since 2013, these both ECG patterns have 
been renamed to type 2 patterns. This can be a “saddleback” appearance; consisting 
of ≥2 mm J elevation followed by a descending ST segment that does not reach the 
baseline and then giving rise to a positive or biphasic T-wave or a type 3 Brugada 
ECG with the morphology of a type 1 or saddleback ECG with ≥2 mm J elevation 
but characterized by a smaller magnitude of the ST elevation (≤1 mm) [144, 149]. 
Due to its typical dynamic nature, the type 1 ECG can change from and to a type 2 
or normal ECG spontaneously or under influence of hyperthermia or drugs. 
Interestingly, the magnitude of ST elevation does not differ between Brugada syn-
drome patients with or without a SCN5A mutation [22]. As discussed earlier in this 
chapter, many drugs and substances are capable of inducing a type 1 ECG in patients 
with Brugada syndrome. For clinical purposes this knowledge is used as a diagnos-
tic tool to evoke a type 1 ECG in patients suspected of Brugada syndrome who do 
not display a spontaneous type 1 ECG, for example, in case of symptoms (syncope, 
aborted sudden cardiac death) or as part of familial screening for Brugada syn-
drome. For this purpose, sodium channel blockers such as ajmaline, flecainide, pil-
sicainide, or procainamide are mostly used (Table  14.1) [2, 3]. The diagnostic 
accuracy of drug challenge in patients suspected of Brugada syndrome is higher 
with the use of ajmaline over flecainide, while equally safe [150]. Safety of drug 
challenges for Brugada syndrome is ensured when the test is performed using con-
tinuously 12-lead ECG monitoring, with cardioverter defibrillators and advanced 
cardiac life support close at hand and discontinuation of the test when a type 1 ECG 
is obtained, when ventricular extra systoles or VT develops or when the QRS dura-
tion increases more than 30% [3]. As a type 1 ECG is associated with ventricular 
arrhythmias, drugs or substances associated with a type 1 ECG need to be avoided 
in patients diagnosed with Brugada syndrome (Table  14.2). Particular attention 
should also be given to general anesthesia in Brugada syndrome patients [151–155]. 

Table 14.1 Drugs used for provocation of the Brugada ECG

Drug Dosage (mg/kg)
Ajmaline IV 1
Flecainide IV 2
Procainamide IV 10
Pilsicainide IV 1

Notes: IV denotes intravenously. Ajmaline administration particularly differs between studies/cen-
tres (e.g., bolus every minute versus continuous administration, total dose in 5 min versus 10 mg/
min up to maximal dose). Flecainide may be administered over 10 min or also as 10 mg/min. 
Flecainide is often maximized at 150 mg. Procainamide and pilsicainide are more routinely admin-
istered over 10 min
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The administration of isoprotenerol, a β-receptor agonist, and/or quinidine may 
effectively be used to treat repetitive ventricular arrhythmias or electrical storms 
[50, 105, 156–159].

As mentioned earlier, hyperthermia also evokes a type 1 ECG or ventricular 
arrhythmias in a (large) subset of Brugada syndrome patients. Several reports 
revealed the presence of a type 1 ECG or episodes of arrhythmias during febrile ill-
ness, often in children [55, 113, 114, 121, 160–163]. Elevation of the core body 
temperature e.g. during hot baths may have a similar effect [164] and in Russia hot 
baths are even discouraged for Brugada patients (www.BrugadaDrugs.org/patient- 
letter/). It also seems that patients with a fever induced Type-1 ECG have a slightly 
higher risk than patients with only a drug-induced Type-1 ECG [165]. Treating 
fever with antipyretic agents such as paracetamol (U.S.: Acetaminophen) and/or 
antibiotics may prove valuable in these cases. If hyperthermia persists and arrhyth-
mias cannot be counteracted, cooling the patient by all means may be the ultimate 
rescue (personal communication Dr. Pedro Brugada, ESC congress 2006).

There is a wide differential diagnosis of clinical conditions accompanied by coved-
like or elevated ST segments in the right precordial ECG leads, and these should be 
ruled out before a conclusive diagnosis of Brugada syndrome is made (Table 14.3) [3]. 

Table 14.2 Drugs known to induce Brugada or Brugada-like ECGs and arrhythmias

Anti-arrhythmic drugs
1 To be avoided by Brugada syndrome patients

Ajmaline, allapinine, ethacizine, flecainide, pilsicainide, procainamide, propafenone
2 Preferably avoided by Brugada syndrome patients

Amiodarone, cibenzoline, disopyramide, lidocaine, propranolol, verapamil, vernakalant
Anesthetics
1 To be avoided by Brugada syndrome patients
2 Bupivacaine, Procaine, Propofol

Preferably avoided by Brugada syndrome patients
Ketamine, Tramadol

Psychotropic drugs
1 To be avoided by Brugada syndrome patients

Amitriplyline, clomipramine, desipramine, lithium, loxapine, nortriptyline, oxcarbazepine, 
trifluoperazine

2 Preferably avoided by Brugada syndrome patients
Bupropion, carbamazepine, clothiapine, cyamemazine, dosulepine, doxepine, fluoxetine, 
fluvoxamine, imipramine, lamotrigine, maprotiline, paroxetine, perphenazine, phenytoin, 
thioridazine

Other drugs and substances
1 To be avoided by Brugada syndrome patients
2 Acetylcholine, alcohol (toxicity), cannabis, cocaine, ergonovine

Preferably avoided by Brugada syndrome patients
Demenhydrinate, diphenhydramine, edrophonium, indapamide, metoclopramide, 
terfenadine/fexofenadine

Source: Status of www.BrugadaDrugs.org in May 2016, adapted from [115], see www.
BrugadaDrugs.org
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When these conditions result in a type 1 or type 2 Brugada ECG these conditions have 
recently been named Brugada phenocopies [166, 167]. Relatively common causes 
include early repolarisation [168], myocardial infarction or ventricular aneurysms [72, 
169], vasospastic angina [170, 171], electrolyte disturbances such as hyperkalemia or 
hypercalcemia [172–175], pericarditis or myocarditis [176–178]. The differentiation 
from Brugada syndrome can be made after resolution of the clinical condition (if pos-
sible), followed by performing a Brugada syndrome provocation test (e.g. using ajma-
line) when the ECG turned non-diagnostic.

14.3.2  Other Electrocardiographic Characteristics

Other ECG characteristics associated with Brugada syndrome include conduction 
defects in the atria, conduction system, and ventricles. Frequently present are broad 
P-waves [145], long PQ interval [22], prolonged corrected sinus node recovery 
times, prolonged His-Ventricle intervals (HV), which may or may not be accompa-
nied by prolonged Atrio-His (AH) intervals [130, 132, 134], sinus and AV node 
dysfunction [179], QRS axis deviation [1, 180], and broad QRS complexes [22, 
145, 180]. Conduction interval prolongation is frequently associated with the 

Table 14.3 Differential 
diagnosis for ST segment 
abnormalities in the right 
precordial ECG leads

Abnormalities
  Right or left bundle branch block, left ventricular 
hypertrophy
 Acute myocardial ischemia or infarction
 Acute myocarditis
 Right ventricular ischemia or infarction
 Dissecting aortic aneurysm
 Acute pulmonary thromboemboli
 Various central and autonomic nervous system abnormalities
 Heterocyclic antidepressant overdose
 Duchenne muscular dystrophy
 Friedreich’s ataxia
 Thiamine deficiency
 Hypercalcemia
 Hyperkalemia
 Cocaine intoxication
  Mediastinal tumor compressing right ventricular outflow 
tract
 Arrhythmogenic right ventricular dysplasia/cardiomyopathy
 Long QT syndrome type 3
Other conditions
 Early repolarisation syndrome
 Other normal variants (particularly in men)

Source: Adapted from [3]
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presence of SCN5A mutations [22]. Furthermore, SCN5A mutations in Brugada syn-
drome patients may, as in Lev-Lenègres disease, worsen the phenotypic expression 
of the disease with ageing and may lead to the necessity of pacemaker implantation 
[132, 181, 182]. Although there is some variability of the heart rate corrected QT 
interval (QTc), it does not seem to prolong importantly when a type 1 Brugada ECG 
or VF develops [1, 126, 145, 180]. This clearly distinguishes Brugada syndrome 
from long QT syndrome where excessive QTc prolongation is the hallmark of the 
disease [183]. However, overlap syndromes between Brugada syndrome and long 
QT syndrome (type 3) exist, based on a multidysfunctional sodium channel caused 
by specific SCN5A mutations [184–188]. Interestingly, the phenotype of one of 
these mutations (SCN5A 1795insD) shares many similarities with mouse model car-
rying the murine equivalent mutation (SCN5A 1798insD) with bradycardia, right 
ventricular conduction slowing, an increased vulnerability for arrhythmias and QTc 
prolongation [189]. Conversely, shortened QTc intervals were noted in a subset of 
Brugada syndrome patients with calcium channel mutations [27]. However, data 
regarding the calcium channel mutation and/or shortened QTc intervals are 
limited.

Wide S-waves in the inferior and lateral leads are frequently observed before and 
after a type 1 ECG develops during drug challenge, which may mirror simultaneous 
slowing of right ventricular activation [145, 180, 190]. This is reflected in the pos-
sible prognostic value of wide and deep S-waves in lead I as a predictor of future 
VT/VF events [191, 192]. S-waves ≥80 ms in lead V1 appear to be a good predictor 
for a history of VF [193] but a possible prognostic value is not well studied.

Signal-averaged ECGs show more variation in filtered QRS duration and late 
potentials in symptomatic patients [105, 107, 194–197]. Late potentials are gener-
ally regarded as delayed and disorganized ventricular activation and are related to 
ventricular tachy-arrhythmias [198]. Particularly in Brugada syndrome, however, 
other mechanisms have also been proposed: late potentials might for example rep-
resent a delayed second upstroke of the epicardial action potential, a local phase 2 
reentry [99]. These latter proposals have, however, not yet been validated as primary 
or cooperative pathophysiologic mechanisms of late potentials in Brugada syn-
drome (nor in other diseases).

Like late potentials, QRS fractionation or fragmentation is regarded as a sign of 
delayed and disorganized ventricular activation [199]. In Brugada syndrome, QRS 
fractionation might also have prognostic value regarding future arrhythmic events 
[200, 201].

In some reports of patients who presented with VF, ST elevation in the inferior 
and/or lateral leads has been described in the absence of electrolyte disturbances, 
hypothermia, or myocardial ischemia [202–207]. In a French family, different 
SCN5A mutation carrying family members displayed either inferior or right precor-
dial coved-type ST segment elevation [208]. At present it still remains uncertain if 
these patients have the same characteristics as has been described in patients with 
solely right precordial coved-type ST segments.
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14.4  Pathophysiology and Genetics

14.4.1  Arrhythmia Mechanisms

Ventricular arrhythmias in Brugada syndrome often originate from ventricular extra 
systoles in the right ventricle, which subsequently initiate polymorphic VT or 
VF.  The exact pathophysiology behind Brugada syndrome is, however, still not 
clear and there might be different electrophysiological mechanisms involved. It 
seems that an increased vulnerability of the ventricles is present before the onset of 
VF. The coupling interval (i.e., the timing) of the premature ventricular complex, 
for example, may be important. In most electrophysiological studies, short coupled 
extra systoles (<200 ms) were necessary to induce VF while the coupling interval of 
the first premature ventricular complex of spontaneous VF is often (far) more than 
300 ms [105, 126, 201]. There might also be a relation between the vulnerability of 
the ventricle and the preceding RR interval following for example an extra systole, 
which may augment ST elevation and eventually degenerate into VF [209]. 
Notwithstanding the associated risk for sudden cardiac death of a type 1 ECG, it is 
not necessary for arrhythmias in Brugada syndrome, as was shown in Holter and 
ICD recordings documentation suggesting that there might be distinct—albeit pos-
sibly related—electrophysiological mechanisms involved. Moreover, a substantial 
number of patients with spontaneous type 1 ECGs will never have any symptoms [9, 
10, 210].

14.4.2  The Coved ST Segment

Ever since the first descriptions of Brugada syndrome, authors have been investigat-
ing possible mechanisms for this characteristic ECG feature [1, 8, 10, 211–214]. 
Currently, there are two theories explaining the pathophysiology underlying the 
Brugada syndrome: the repolarisation and the depolarization hypothesis [215]. Yan 
and Antzelevitch have developed the repolarisation hypothesis in canine right ven-
tricular wedge preparations [216]. This hypothesis has attracted most support in the 
first 15 years after the description by the Brugada brothers in 1992. In this canine 
model, simultaneously measured epicardial and endocardial electrograms showed 
loss of action potential dome in the epicardium only when the wedge preparation 
was exposed to a potassium channel opener (pinacidil) or a combination of a sodium 
channel blocker (flecainide) and acetylcholine. This resulted in a transmural disper-
sion of repolarisation with different lengths of action potentials across different 
cardiac layers, ST segment elevation on the ECG and it created a vulnerable win-
dow for (‘phase 2’) re-entry to occur between these layers and degenerate into ven-
tricular tachyarrhythmias. Isoprotenerol, 4-aminopyridine, and quinidine were able 
to restore this loss of action potential dome, normalize the ST segments, and prevent 
the ventricular arrhythmias. This model resolves around a heterogeneous expression 
of the transient outward potassium current Ito. This current seems to be expressed to 
a higher degree in the canine epicardium compared with the endocardium [217], in 
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the right ventricle more than in the left ventricle [218], and in males more than in 
females [140], resulting in a higher susceptibility for Ito augmentation over other 
currents and a consequential higher risk for ventricular tachyarrhythmias. Relative 
augmentation of Ito would be enhanced by sodium current (INa) reduction, either by 
a loss-of-function sodium channel mutation or sodium channel blockade. 
Furthermore, reduction of the calcium current (ICa) and augmentation of the ATP- 
driven potassium current (IK-ATP) would give similar effects [211].

The second hypothesis explaining the coved-type morphology resolves around a 
depolarization disorder [219] and is now regarded as the leading hypothesis. In this 
hypothesis, conduction slowing or conduction delay in the right ventricular outflow 
tract (RVOT) causes the type 1 morphology in the right precordial leads. Most evi-
dence for this model is derived from clinical studies [105, 128, 180, 190, 195–197, 
220–223]. The slowing of conduction originates in concert with subtle structural 
abnormalities (fibrosis, see below) [224]. Furthermore, conduction slowing in con-
cordance with these structural abnormalities will create the vulnerability for re- 
entrant activation in the right ventricle and give rise to ventricular extra systoles and 
VT/VF (Fig. 14.4). The marked conduction slowing in atria and ventricles, which is 
seen during drug challenges with sodium channel blockers and in SCN5A mutation 
carriers particularly, further supports this model [145, 215, 227]. However, as with 
many diseases, it may be that Brugada syndrome is not explained by one single 
mechanism [219, 228]. The final common pathway of a spontaneous or inducible 
coved-type ECG and the vulnerability for ventricular arrhythmias may be started by 
distinct but cooperative mechanisms and may require tailored risk stratifications and 
treatment. Moreover, cooperative pathophysiological mechanisms such as struc-
tural myocardial abnormalities and gene–gene interactions are probably important 
modifiers or risk.

14.4.3  Structural Changes

The consensus criteria for Brugada syndrome recommend the exclusion of gross 
structural myocardial derangements in conjunction with the documentation of a 
type 1 ECG (see section Electrocardiography and Diagnosis) before a conclusive 
diagnosis of Brugada syndrome can be made [2, 144]. This reflects the initial 
hypothesis that Brugada syndrome is an electrical disease involving cardiac ion 
channel abnormalities and thus requires the absence of structural changes as 
opposed to, for example, hypertrophic cardiomyopathy. This issue has, however, 
been debated. Similarities between Brugada syndrome and arrhythmogenic (right) 
ventricular cardiomyopathy were early on suggested by many centres, even starting 
before the sentinel paper of the Brugada brothers in 1992 [11, 229, 230]. Biventricular 
endomyocardial biopsies in 18 Brugada syndrome patients showed myocarditis, 
cardiomyopathy-like changes, or fatty infiltration in the right ventricle of all patients 
(without a control group) [231]. Furthermore, in 8 out of these 18 patients (45%) 
there were similar findings in the left ventricle. Both magnetic resonance imaging 
(MRI) and echocardiography were negative in all patients. Interestingly, patients 
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a

b

c

Subtle structural abnormalities,
mildly fractionated electrograms

Unidirectional block by INa ↓, ICa ↓ or Ito ↑ (X),
severely fractionated electrograms

Re-entrant activation initiating ventricular fibrillation

Early Late

Fig. 14.4 This illustration (adjusted from the illustration of Hoogendijk et al.[225] with permis-
sion) shows the induction of re-entrant arrhythmia by current-to-load mismatch in myocardium 
containing two isthmuses due to subtle structural abnormalities (fibrosis). (a) During normal 
conditions, the redundancy in excitatory current makes conduction successful over both isth-
muses and there is no re-entrant activation. Local electrograms will show mild fractionation. (b) 
Reduction of the cardiac sodium current (INa) or L-type calcium current (ICa) or an increase of 
the transient outward current (Ito) lowers the excitatory current and can cause unidirectional 
conduction block depending on the local geometry of the myocardium. Here, activation is blocked 
(X) at the left but not at the right isthmus. Local electrograms will show severe fractionation. (c) 
The asymmetrical distribution of the structural discontinuities at the left isthmus makes conduc-
tion in the opposite direction successful, and activation re-enters the proximal myocardium, caus-
ing re-entry, which in turn can initiate ventricular fibrillation. The coved type ECG, including 
fractionation, before the onset of the arrhythmia can be appreciated and is caused by excitation 
failure in adjacent myocardium in the right ventricular outflow tract [225, 226]. Ablation therapy 
[128] is targeted at the fractionated electrograms to close the gaps/isthmuses, and thereby resolv-
ing the excitation failure (coved type ST segments) and the substrate for re-entrant activation and 
ventricular fibrillation. Colours depict activation time; black indicates fibrous tissue between 
myocardial cells
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with fatty infiltration and cardiomyopathy-like changes all had a SCN5A mutation. 
In another report, right ventricular fibrosis and epicardial fatty infiltration was docu-
mented in the explanted heart of a SCN5A mutation carrying Brugada syndrome 
patient who experienced intolerable numbers of ICD discharges (up to 129 appro-
priate shocks in 5 months) [232]. This patient also had no clinically detected cardiac 
structural abnormalities many years before transplant. In an elegant collaboration 
between different centres with detailed post-mortem and biopsy material analysis 
again fibrosis, connexion-43 and conduction abnormalities were found in concert 
[224]. In a study using endocardial mapping it was noted that Brugada syndrome 
patients showed increased (although still modest) electrogram fractionation and 
abnormal conduction velocity restitution, both also related to structural changes 
[190]. Finally, the sentinel report of Nademanee and co-workers on epicardial abla-
tion of the substrate of Brugada syndrome showed complex fractionated electro-
grams at the RV outflow tract, with ablation terminating the substrate and ECG 
characteristics of Brugada syndrome [128]. The fractionated electrograms also 
appeared to coincide with areas of fibrosis [224]. These reports suggest that there 
are cooperative functional and subclinical structural derangements in Brugada syn-
drome, which may be enhanced by mutations in the sodium channel. In support of 
this hypothesis, mice and human data illustrate that SCN5A mutations may lead to 
impressive fibrosis accompanied by conduction disturbances, mainly in the right 
ventricle, which worsens with ageing [233–236]. Interestingly, a meta-analysis into 
risk stratification for ventricular tachyarrhythmias did not find an increased risk for 
patients carrying a SCN5A mutation [136]. The uncovering of PKP2 mutations 
characteristic for arrhythmogenic (right) ventricular cardiomyopathy in patients 
with Brugada syndrome (and leading to decreased sodium current) further strength-
ened the association between structural abnormalities and Brugada syndrome [29, 
237]. Fibrosis is probably underdetected in clinical practice as the clinical modali-
ties to assess structural cardiac changes (echo, CT and MRI) are incapable of detect-
ing mild or diffuse abnormalities although mild derangements have been noted 
[238–242].

14.4.4  Genetics of Brugada Syndrome

SCN5A mutations have been identified in about 15–30% of patients [20, 22]. 
Although efforts in screening 16 putatively associated genes identified another ion 
channel (the calcium channel), this still only resulted in a mutation diagnosis in 
24% of patients [27]. When Brugada syndrome is present in children however, the 
amount of uncovered mutations, specifically SCN5A mutations, can be considerably 
higher [243].

The first mutation in Brugada syndrome patients was identified in a collaborative 
effort of clinics in Europe and the United States in 1998 [16]. A loss-of-function 
mutation in the SCN5A gene, encoding the pore-forming α-subunit of the human 
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cardiac sodium channel protein (Nav1.5) was present in three out of six families 
with Brugada syndrome. Mutations leading to loss of sodium channel function can 
lead to a variety of disorders [244, 245]: Brugada syndrome (OMIM 601144), (pro-
gressive) cardiac conduction defects also known as Lev-Lenègres disease (OMIM 
113900) [246], sick sinus syndrome (OMIM 608567) [247], Sudden infant death 
syndrome (OMIM 272120) [95, 100], and dilated cardiomyopathy associated with 
conduction defects and arrhythmias (OMIM 601154) [248]. In combination with 
other (atrial-specific modifier) genes, a loss-of-function defect may cause atrial 
standstill [249]. Mutations leading to a gain of function of the channel may cause 
long QT syndrome type 3 (OMIM 603830) [250] and also sudden infant death syn-
drome (OMIM 272120) [251, 252]. As mentioned earlier, certain mutations in the 
cardiac sodium channel gene may lead to combined phenotypes of loss-of-function 
and gain-of-function mutations, also referred to as an overlap syndrome [184–187]. 
SCN5A promoter polymorphisms in a haplotype variant may lead to variability in 
phenotypic expression as was shown in a study demonstrating slower cardiac con-
duction with a gene-dose effect in patients of Asian origin [253]. The same holds for 
common SCN5A polymorphisms or the combination of different SCN5A mutations 
that may modulate the expression of the mutant gene(s) and disease [254–257].

Loss-of-function cardiac calcium channel mutations have been demonstrated in 
Brugada syndrome patients [27]. These mutations involved the L-type calcium 
channel encoded by CACNA1C for the pore-forming Cav1.2 α1 subunit, and 
CACNB2 for the Cavβ2b subunit involved in channel activation modulation of the 
α1 subunit. Mutations in the GPD1L gene have also been linked to Brugada syn-
drome in a single family [24, 25] and associates with reduced sodium current. This 
gene probably does not contribute more than 1% in Brugada syndrome [258, 259].

Exon mutations or duplications in the SCN5A gene and a large number of other 
candidate genes (Caveolin-3, Irx-3, Irx-4, Irx-5, Irx-6, Plakoglobin, Plakophilin-2, 
SCN1B, SCN2B, SCN3B, SCN4B, KCNH2, KCNQ1, KCNJ2, KCNE1, KCNE2, 
KCNE3, KCND3, KCNIP2, KCNJ11, and CACNA2D1) have been investigated in 
SCN5A mutation-negative Brugada syndrome patients with little success [27, 258]. 
Nevertheless, also mutations in several of these and other genes (SCN1B, SCN2B, 
SCN3B, SCN10A, CACNA2D1, KCND3, KCNE3, KCNJ8, ABCC9, TRPM4, 
SLMAP, MOG1, PKP2, FGF12, and HCN4) have finally been associated with 
Brugada syndrome [28–43]. It should, however, be acknowledged that in many of 
these reports segregation with the phenotype was not investigated or documented. 
In addition, variants in all these genes, except SCN5A, were also identified in equal 
numbers, in control patients or in existing next-generation sequencing data cohorts 
[40, 260]. This importantly challenges the pathogenicity and thus the association 
with Brugada syndrome of many of these rare genetic variants [23, 40, 260]. 
Recently it has actually been suggested that Brugada syndrome is not a monoge-
netic disease but an oligogenetic disease [261], where a (small) number of genetic 
hits together give rise to the clinical phenotype.

Interestingly, a study revealed common gene expression levels in Brugada syn-
drome patients irrespective of the culprit gene [262]. This expression pattern 
involved not only cardiac sodium channel and its subunits, but also potassium chan-
nels and calcium channels.
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Typically for Brugada syndrome, and other Mendelian disorders, is an incom-
plete penetrance and variable expression of the disease [263]. Hence, not all muta-
tion carriers are affected by the same degree and will thus not require the same 
treatment. Even so, the importance of diagnosing mutation carriers with little or no 
phenotypic expression of the disease is important because they still have a 50% 
chance of transmitting the genetic defect to their offspring, who in turn may be seri-
ously symptomatic at young age. It is, however, not clear whether presymptomatic 
genetic testing in children of Brugada syndrome patients is to be advised [264]. As 
symptomatic Brugada syndrome is rare in children, risk stratification is imperfect, 
and treatment may do more harm than good (see also the section on Clinical 
Decision Making), the consequences of a positive test result of presymptomatic 
genetic testing should be carefully considered [243].

14.5  Clinical Decision Making

14.5.1  Risk Stratification

After diagnosing Brugada syndrome, risk stratification for future ventricular 
arrhythmias is mandatory. The prognosis and risk stratification of Brugada syn-
drome patients is, however, debated. Risk for future ventricular arrhythmias is gen-
erally accepted to be high in patients who are known to have already experienced 
life-threatening ventricular arrhythmias, that is, patients with a history of aborted 
sudden cardiac death. Syncope, dizziness or nocturnal agonal respiration can also 
be caused by ventricular arrhythmias and are thus often regarded as high-risk fea-
tures. However, the assumption that these symptoms are indeed arhythmogenic in 
origin can be erroneous and other causes of these symptoms should also be sought.

A meta-analysis combined a history of sudden cardiac death and/or syncope as 
representative for a history of ventricular arrhythmias and found a relative risk (RR) 
of 3.34 [95% confidence interval (CI) 2.13–4.93] for the combined event of sudden 
cardiac death, syncope, or ICD shock during follow-up [136]. Also male gender, RR 
3.47 (95% CI 1.58–7.63), and a spontaneous type 1 ECG versus a drug-induced 
type 1 ECG, RR 4.65 (95% CI 2.25–9.58), were positively associated with the 
occurrence of the combined events (sudden cardiac death and/or syncope) during 
follow-up. A family history of sudden cardiac death, SCN5A mutation, or inducible 
ventricular arrhythmias during electrophysiological study was not associated with 
events during follow-up in that meta-analysis. Importantly, these risk factors are 
probably not independent.

As the majority of Brugada patients are asymptomatic but can experience ven-
tricular arrhythmias in the future, there is a dire need for reliable risk stratification 
in these patients. The role of the inducibility of ventricular arrhythmias during elec-
trophysiological study in this matter has long been debated [2, 3, 46, 94, 265, 266]. 
A meta-analysis in 2007 to assess its prognostic role was not able to identify a sig-
nificant role with regard to arrhythmic events during follow-up [102]. In a combined 
effort of 14 centres in France and Japan, it was shown that 45% of the 220 studied 
Brugada syndrome patients received an ICD following inducibility of ventricular 
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arrhythmias during electrophysiological study whilst being asymptomatic [47]. In 
this study there was an 8% rate of appropriate shocks for ventricular arrhythmias 
during >3 years follow-up, and a relatively low (2 to 5 times lower) rate of appropri-
ate shocks in asymptomatic patients compared to the patients with syncope or 
aborted sudden cardiac death. There were no other factors (like a spontaneous type 
1 ECG) apart from a clinical history of syncope or aborted sudden cardiac death 
predicting appropriate shocks. Of importance, approximately 20% of patients in 
each group suffered from inappropriate shocks during follow-up. In a follow-up 
study in 2013 [48], the number of asymptomatic patients implanted with an ICD 
because of inducibility had grown to 87%, notably some in combination with other 
risk factors such as a spontaneous type 1 ECG. Interestingly, the number of patients 
who had already experienced a cardiac arrest and were inducible was lower (53%) 
than the number of patients who were asymptomatic and were inducible (87%). 
Again, inducibility could not be identified as a useful parameter to separate the 
patients who will and who will not progress to arrhythmias during follow-up. 
Importantly, ICD-complications, including fatal events, did occur in these patients 
with a primary prevention ICD. This notwithstanding, being asymptomatic at inclu-
sion, still associated with about 1% of appropriate ICD interventions per year. 
Whether all these patients were indeed saved from a sudden death will never be 
known [267] but probably some of these events (if not a considerable number), 
would have been terminated spontaneously without sudden death. Importantly, pro-
gramming longer detection intervals and higher cut-off rates for VF also seems to 
reduce inappropriate shock rates without compromising ICD safety [48, 268]. In 
2016, another meta-analysis on inducibility was published, also including data from 
earlier studies [103]. In this paper, in contrast to earlier studies, additive value of 
inducibility to symptoms and presenting ECGs was found. Still it should be noted 
that 527 out of 1312 patients (40%) was inducible, while 65 patients (5%) experi-
enced events (5 with sudden cardiac arrest and 60 with ICD shocks, 21 of whom 
being asymptomatic at presentation) during a median follow up of 38 months.

Non-invasive risk stratification has been attempted in relatively small cohorts of 
patients and yielded the strongest predictive value in spontaneous changes in the 
right precordial ST segments [107, 142, 143]. A standard cardiology workup includ-
ing echocardiogram, 24-hour Holter, and an exercise test may be valuable to exclude 
differential diagnoses and to assess baseline conditions. There could be added value 
in 24-h 12-lead Holter monitoring as a number of patients with spontaneous type-1 
ECGs will be uncovered [61, 62]. Thorough cardiac imaging using MRI or CT does 
not seem to add significant clinical value at present, unless arrhythmogenic right 
ventricular cardiomyopathy needs to be excluded.

A summary of the current literature on risk stratification in patients who did not 
yet experience a cardiac arrest, suggests that symptoms likely to be related to ven-
tricular arrhythmias in combination with a spontaneous type-1 ECG identifies the 
patients at highest risk for future life-threatening arrhythmic events. Conversely, as 
asymptomatic patients without a spontaneous type-1 ECG have a (very) low risk of 
experiencing these arrhythmias, and the currently available treatment option (ICD 
implantation) may do more harm than good [56, 57], they should be identified as 
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low risk. The combination of several characteristics to assess the risk profile is prob-
ably very worthwhile, and has been suggested [269, 270]. Undoubtedly, risk strati-
fication should be re-evaluated in all patients during long-term follow-up using 
up-to-date consensus criteria.

14.5.2  Treatment

The most effective therapy to treat ventricular arrhythmias in Brugada syndrome is 
an ICD. Patients may, however, still experience intolerable numbers of ICD shocks, 
up to 150 a day [121], as an ICD does not lower the vulnerability of the heart for 
ventricular arrhythmias and ICDs are often programmed to quickly react—probably 
also treating VT/VF episodes that would have terminated spontaneously [267]. In 
some patients in earlier days, heart transplantation has been considered to be the 
only remaining option to diminish VT/VF events [271]. Cardiologists should care-
fully weigh possible benefits versus possible harm, quality of life, and costs of 
ICDs, as event rates are generally low and complications (in particular inappropriate 
shocks) are high in this population [47, 48, 57]. ICD implantation in the young spe-
cifically denotes several battery replacements, re-implantations over many decades, 
increased morbidity and even ICD-related mortality [48]. Still, in individual cases it 
might be considered to also implant an ICD in Brugada patients who are considered 
to have a low risk profile but who have an intolerable and uncontrollable anxiety 
that severely diminishes their quality of life and impairs their daily activities e.g. 
because they have lost a family member due to sudden cardiac death.

Acute lowering of the vulnerability of the heart for ventricular arrhythmias may 
be accomplished by treating hyperthermia (e.g., cooling, antipyretics, antibiotics), 
correcting electrolyte disturbances, and the administration of quinidine and/or iso-
proterenol [55, 110, 157, 160, 162]. Further chronic oral treatment with quinidine or 
several other agents may also prove valuable [50, 52, 272–279]. Excluding differen-
tial diagnoses in case of acute events is still mandatory as tachyarrhythmias not due 
to Brugada syndrome may display a devastating response on isoproterenol [280].

All patients with Brugada syndrome should receive a list of avoidable drugs and 
substances, including a number of antiarrhythmic drugs (particularly several class 
Ia & Ic drugs), psychotropic drugs (e.g. tricyclic antidepressants and lithium), 
anaesthetics (e.g. bupivacaine and propofol) and substances like cocaine, and exces-
sive use of alcohol; see www.BrugadaDrugs.org [115]. Of note, some of these 
drugs, particularly propofol have been used frequently without untoward events. 
Still, the increased risk for arrhythmias should be recognized and be anticipated on. 
Furthermore, patients should be instructed to obtain an ECG in case of fever at least 
once (and if negative maybe every 5 years or so) to assess whether their form of 
Brugada syndrome is hyperthermia sensitive.

Special interest has emerged in the last years for ablation therapy to prevent (or 
even cure?) ventricular arrhythmias [127, 128, 281–283]. Especially the epicardial 
approach with ablation of late and fractionated electrograms of the right ventricular 
outflow tract seems to be very promising with abolition of inducibility, resolution of 
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the characteristic ECG and a diminishing of recurrent episodes of VT/VF [128]. A 
randomized trial is currently prepared and should provide the first results around 
2020 [284].

Long-term follow-up is mandatory in all Brugada syndrome patients. 
Symptomatic patients will have more frequent visits, but also asymptomatic patients 
should be seen with regular intervals for reassessment of the risk for arrhythmic 
events and genetic counselling in case of children. Genetic counselling should be 
advised for all adult patients.

14.6  Future Research

The knowledge and awareness of Brugada syndrome will continue to increase. In 
the first years after the description in 1992, many severely symptomatic patients 
were recognized, which led to the notion that Brugada syndrome is a malignant 
disease that is hard to manage [1, 44]. However, many asymptomatic patients have 
now been diagnosed and one of the great challenges for the future is to develop reli-
able risk stratification for arrhythmic events in this group of patients [144, 285]. 
Risk stratification and treatment in the paediatric population affected with Brugada 
syndrome, although limited in numbers, should also receive our continued attention. 
The pathophysiology of the ventricular arrhythmias and the coved-type ECG in the 
right precordial leads has been and will continue to be a major area of research. 
Although many animal and computer models are available, detailed descriptions of 
human data will continue to be important and will guide therapeutic interventions. 
Finally, further characterization of the (potentially complex) genetic origin of 
Brugada syndrome will help to identify those silent carriers, and their offspring, 
who might be at risk and may clarify the complicated genotype–phenotype relation-
ship in Brugada syndrome patients.

14.7  Early Repolarisation Syndrome

14.7.1  Introduction

Already in 1936, in the era of the string galvanometer, common variations at the end 
of the QRS complex and the early ST segment were described. Shipley and Hallaran 
(Cleveland Ohio) noted in their study of 200 healthy men and women between the 
age of 20 and 35 (i.e. before the possible onset of significant coronary artery dis-
ease), and with a normal physical examination, in up to 44% percent of traces slur-
ring or notching of the terminal QRS occurred [286]. In the same paper, ST-elevation 
was noted in up to 25% of males and up to 16% in females. In the years thereafter, 
also in 12-lead ECGs and in vectorcardiograms, ST-elevation, notching and slurring 
was found to be a frequent finding in apparently healthy individuals, particularly in 
young and athletic individuals and in those from African descent [287–291]. The 
term ‘early repolarisation’ to describe (common) inferolateral ST-elevation has 
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been attributed to Grant, Estes and Doyle in their 1951 paper on the 12-lead ECG 
and vectorcardiogram [292, 293]. In later years, some authors even used the state-
ment early repolarisation syndrome to describe this normal variant with ST-elevation, 
notching or slurring in the inferolateral leads [294, 295]. Currently we use early 
repolarisation syndrome only for those patients with an early repolarisation pattern 
in conjunction with a history of otherwise unexplained malignant ventricular 
arrhythmias [144].

Although considered a benign variation for decades [293, 294, 296], also because 
of its frequent occurrence in the young and healthy, since the 1990s several case 
reports of ‘idiopathic’ ventricular fibrillation with the presence of inferolateral ST 
elevation were published [202, 205, 297]. In 2008 the interest in early repolarisa-
tion, including notching and slurring, truly pivoted with the near simultaneous pub-
lication of two cohort studies investigating an association between the occurrence of 
malignant ventricular arrhythmias and an inferolateral early repolarisation pattern. 
Haïssaguerre and colleagues from 22 centres reviewed 206 case subjects who were 
resuscitated after cardiac arrest due to idiopathic ventricular fibrillation and com-
pared these patients to 412 matched control subjects without obvious heart disease 
[298]. It appeared that an elevation of the QRS–ST junction of at least 0.1 mV from 
baseline in the inferior or lateral leads, manifested as QRS slurring or notching, was 
more frequent in case subjects (31 vs. 5%, p < 0.001). In a very comparable study, 
albeit with lower numbers, almost simultaneously published by Rosso and col-
leagues from three centres [299], 45 patients with idiopathic ventricular fibrillation 
were compared to 124 matched control subjects. Again, J-point elevation, particu-
larly in the inferior and lateral extremity leads, was more common among cases (42 
vs. 13%, p = 0.001). One year later, in 2009, a large community based study of 
10,864 middle-aged subjects also noted an association between ST-elevation in the 
inferior leads and an increased risk of death due to cardiac causes [300]. Since then, 
many more papers have been published on the association between early repolarisa-
tion and an increased risk for cardiac events [301–304].

Still, in the AHA/ACC/HRS 2009 consensus statement on ECG interpretation, 
early repolarisation was continued to be described as ‘a statement that is used fre-
quently to characterise a normal QRS-T variant with J-point elevation’ [305]. In 
2011, two distinguished electrocardiographists even labelled the statement early 
repolarisation (and its accomplice ‘J-wave’) to be inappropriate and confusing 
[306]. In 2013, in the HRS/EHRA/APHRS consensus statement on the diagnosis 
and management of patients with inherited primary arrhythmia syndromes, the 
diagnosis of early repolarisation syndrome was reserved for those subjects who 
actually were resuscitated from otherwise unexplained ventricular fibrillation or 
polymorphic ventricular tachycardia in the presence of J-point elevation ≥0.1 mV 
in ≥2 contiguous inferior and/or lateral leads [144]. The early repolarisation pattern 
could be diagnosed with the same criteria but in the absence of (a strong suggestion 
of) malignant arrhythmias [144]. However, ongoing debate on nomenclature and 
definitions of early repolarisation led to the establishment of another consensus 
statement by many of the previous mentioned authors and specifically included ter-
minal QRS notching or slurring without the need for ST-segment elevation [307].
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A genetic basis for the early repolarisation syndrome is still under investigation 
and is currently suggested by anecdotal observations of an increased familial appear-
ance of the early repolarisation pattern in concert with otherwise unexplained sudden 
deaths [308, 309]. In search for genetic variants in one severely affected patient, a 
KCNJ8 gene variant was uncovered in a candidate gene approach including 21 genes 
[310]. However, in the same study an additional 156 early repolarisation syndrome 
patients were also tested for variants in KCNJ8, but this analysis failed to identify 
more proof of an association of early repolarisation syndrome with genetic variants 
in KCNJ8. In other candidate gene approach studies, variants in KCNJ8 (the same 
variant), CACNA1C, CACNB2, (both unsuccessfully tested in the previous KCNJ8 
study) and CACNA2D1 were documented as possible susceptibility genes for early 
repolarisation syndrome [28, 41]. However, in a subsequent study this specific 
KCNJ8 variant (S422L) was found to be actually very common in Ashkenazi Jews, 
and not apparently associated with early repolarisation, not even in a homozygous 
boy [311]. In 2015 however, in the ESC guideline on ventricular arrhythmias, it was 
still claimed that no clear evidence of familial transmission of the early repolarisation 
syndrome exists [312]. This is mainly due to the relatively frequent occurrence of 
these variants in patients or cohorts without signs of early repolarisation syndrome.

The treatment of early repolarisation syndrome, in line with the 2013 consensus 
statement, is particularly aimed at preventing sudden death from recurrent malig-
nant arrhythmia by a secondary prevention ICD implantation. During electrical 
storm isoproterenol can be useful in patients with a diagnosis of early repolarisation 
syndrome, while quinidine can be useful for secondary prevention of malignant 
arrhythmias in these patients [144, 313].

14.7.2  Clinical Presentation

14.7.2.1  Epidemiology
The prevalence of the early repolarisation pattern in the general population has been 
estimated at 1–13% but increases to 15–70% when studying cases of idiopathic 
ventricular fibrillation [298–301, 303, 314–317]. Differences in the prevalence of 
early repolarisation are mainly due to the type of population studied and the defini-
tion of early repolarisation that is used. Also, studies have shown that the early 
repolarisation pattern is intermittently present [315], which challenges the determi-
nation of its exact prevalence. Even though no clear regional differences in its prev-
alence have been observed, as for example have been seen in the Brugada syndrome, 
the early repolarisation pattern is more prevalent among blacks than in whites [318]. 
One study observed a higher prevalence of early repolarisation in aboriginal 
Australians compared to white Australians [319]. A rather high prevalence of the 
early repolarisation pattern has also been reported in a Japanese cohort of atomic-
bomb survivors [301].

Early repolarisation is further predominantly found in the paediatric population, 
in males, young physically active individuals and in athletes [320]. In the athletes, 
case-control studies have estimated the prevalence of the early repolarisation 
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pattern between 10 and 90% [321], and also here it is thought that the early repolari-
sation pattern is a most often a benign variant and associated with a low risk of 
arrhythmic events. It has been hypothesized that early repolarisation is influenced 
by hormonal factors since its prevalence is higher in the paediatric population. 
Furthermore, after puberty its prevalence increases (16–25%) in male subjects and 
decreases in female subjects (11–4%) [322, 323].

14.7.2.2  The Patient
Only an extremely small minority of the patients with the early repolarisation pat-
tern will ever experience any symptoms of the early repolarisation syndrome (i.e. 
ventricular fibrillation), this is partly due to the high prevalence of the early repo-
larisation pattern in the young and healthy [321]. The early repolarisation pattern 
may be intermittently present and is can be modulated by vagal tone, heart rate and 
drugs [313, 316, 324, 325]. The Valsalva manoeuvre may unmask the early repolari-
sation pattern on the ECG. However, the sensitivity of the test is low (45%), and 
evidence relies predominantly upon one study [308]. Disappearance of the pattern 
may occur during exercise and infusion of isoproterenol [325].

Before the onset of VF, an increase in the amplitude of early repolarisation, can 
be seen as compared to baseline values [298, 326, 327]. For example, in the study 
of Haïssaguerre the J-point amplitude increased from 2.6  ±  1 to 4.1  ±  2  mm 
(P < 0.001) before the onset of VF [298]. This initial increase in the amplitude of the 
ERS may be subsequently followed by a ventricular ectopic beat with a short cou-
pling interval that initiates ventricular fibrillation. It appears that this ectopy preced-
ing VF most often arises from the left ventricle inferior wall [298]. In a follow-up 
study of IVF patients, patient with ERS had a higher risk for future cardiac events 
(41 vs. 23%) (HR 2.1; 95% confidence interval (CI), 1.2–3.5; P = 0.008) compared 
to those without ERS [298].

In the general population, the early repolarisation pattern has also been linked to 
an increased risk of cardiac events. A community based prospective study [300], 
analysed 10,864 Finnish subjects with a mean age of 44 ± 8 years old. In this study, 
patients with a J-wave amplitude of ≥0.1  mV in the inferior leads carried an 
increased risk of death from cardiac causes (adjusted relative risk (RR) 1.28, confi-
dence interval (CI) 1.04–1.59) and this relative risk rose even further in patients 
with a J-wave amplitude of >0.2 mV in the inferior leads (adjusted RR 2.98; 95% 
CI 1.85–4.92) and from arrhythmia (adjusted RR 2.92; 95% CI 1.45–5.89). In 
another population-based prospective study including 1945 patients [303], the pres-
ence of an early repolarisation pattern was associated with cardiac and all-cause 
mortality, especially in those of younger age (35–54 years old) and male sex (hazard 
ratio 2.65; 95% CI 1.21–5.83). An inferior early repolarisation pattern further 
increased cardiac mortality (hazard ratio 3.15; 95% CI 1.58–6.28) for both sexes 
and particularly in male subjects between 35 and 54 years of age (hazard ratio 4.27; 
95% CI 1.90–9.61). Important in this respect is that there seems to be a time depen-
dent risk over very long follow-up (up to 20 years). Whether the early repolarisation 
pattern was still present before the event and what the association is with comorbidi-
ties like, e.g., ischaemic heart disease, is uncertain however.
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Other studies have shown that the presence of the early repolarisation pattern 
may be a modulator of risk for sudden death in the setting of comorbidities. 
Tikkanen et al. studied the association between early repolarisation and risk of sud-
den death during an acute coronary event [328]. In this case-control study includ-
ing 432 cases with a mean age 66 ± 11 years they found that the risk of sudden 
cardiac death was increased in patients with the early repolarisation pattern (odds 
ratio (OR), 1.85; 95% CI, 1.23–2.80). Specifically, in those patients with an early 
repolarisation pattern with a horizontal/descending ST segment predicted the 
occurrence of sudden cardiac death (OR, 2.04; 95% CI, 1.25–3.34). After multi-
variate adjustments the presence of the early repolarisation pattern with horizontal/
descending ST segment remained as independent predictors of sudden cardiac 
death. A comparable association of increased risk of cardiac events in the setting of 
other pathologies has been observed in patients with inherited cardiac arrhythmia 
syndromes. For example, in a retrospective cohort study of catecholaminergic 
polymorphic ventricular tachycardia (CPVT) patients, those with an early repolari-
sation pattern were at increased risk for arrhythmic events when compared to 
CPVT patients without early repolarisation [329]. Such an association has also 
been found in the long QT syndrome type 1 and type 2 [330] and in Brugada syn-
drome [204].

14.7.3  Electrocardiography and Diagnosis

The diagnosis of early repolarisation syndrome is made per exclusionem. In survi-
vors of a cardiac arrest due to ventricular fibrillation or polymorphic ventricular 
tachycardia, an extensive work-up in search of a diagnosis is recommended [312]. 
This will often include sequential ECGs and 24-h ECG-monitoring, coronary angi-
ography and echo, while also exercise testing, detailed ECG analysis using signal 
averaging or brisk standing, magnetic resonance imaging (MRI), drug provocation 
with sodium channel blockers and endocardial biopsies should be considered. 
When all these tests turn negative while at the same time a clear early repolarisa-
tion pattern is evident, a diagnosis of early repolarisation syndrome can be made 
[144, 331, 332].

The criteria for the early repolarisation pattern have been susceptible for discus-
sion and are not uniform across many papers (Fig. 14.5). One consensus statement 
on this topic specifically includes terminal QRS notching and slurring with or 
without concomitant ST-elevation as essential to the early repolarisation pattern 
[307]. Their definition incorporates terminal QRS notching or slurring with either 
elevation of the QRS–ST junction (also named J-termination or ‘Jt’) of at least 
0.1 mV from baseline and/or elevation of the J-peak (in the case of a notch) of at 
least 0.1 mV from baseline in the inferior or lateral leads. Moreover, the consensus 
view of that group of authors was that in the absence of terminal QRS notching or 
slurring, ST- or Jt-elevation alone should not be reported as early repolarisation 
[307]. This last statement could clearly be in conflict with the HRS/EHRA/APHRS 
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2013 consensus statement which only mentions J-point elevation ≥0.1 mV in ≥2 
contiguous inferior and/or lateral leads [144]. This is because the J-point is gener-
ally considered to be the QRS-ST junction or J-termination and when elevated this 
does not necessarily combine with a notched or slurred terminal QRS. In the 2016 
AHA scientific statement yet another definition is suggested, [333] which also 
seems to be in conflict with the 2015 Macfarlane paper. In this 2016 AHA state-
ment, early repolarisation includes ST- or Jt-elevation with or without notching or 
slurring (similar to the 2013 HRS/EHRA/APHRS statement). However, specific to 
this statement, the measurement of the J-elevation is performed on the peak of the 
notch or at the start of the slur, as opposed to the 2013 and 2015 statements.

Another important aspect of early repolarisation is the direction of the 
ST-segment; being either horizontal or down-sloping versus upsloping [335]. 
Tikkanen et al. in a follow-up paper of their earlier study, evaluated the ST-segment 
in athletes and in middle-aged subjects from the general population, and noted 
that only a horizontal or down-sloping ST-segment after terminal QRS-notching 
or slurring associated with an increased risk for arrhythmic death [300, 336]. Also 
a secondary analysis of the Rosso study showed that a horizontal or down-sloping 
ST-segment was more common in the subjects who suffered from idiopathic ven-
tricular fibrillation than in the control subjects [335]. This has led to the sugges-
tion to describe the early repolarisation pattern as either benign (upsloping) or 
malign (horizontal or down-sloping) [335]. This does not imply, however, that an 
upsloping ST-segment after a QRS notch or slur is always benign, as still about 
30% of patients with early repolarisation syndrome will only show this ‘benign’ 
pattern [335, 337].

Notch (or slur)
J-point, no ST elevation
No early repolarisation

No notch, no slur
J-point, ST elevation
Early repolarisation

Slur (or notch)
J-point, ST elevation
Early repolarisation

Priori et al. 2013
(HRS, EHRA, APHRS)

Macfarlane et al. 2015
(Consensus statement)

Patton et al. 2016
(AHA)

J-point, notch (or slur)
No ST elevation
Early repolarisation

Notch (or slur), Jp
Jt, no ST elevation
Early repolarisation

No notch, no slur
Jt, ST elevation
No early repolarisation

Slur (or notch), Jp
Jt, ST elevation
Early repolarisation

No notch, no slur
J-point, ST elevation
Early repolarisation

J-point, Slur (or notch)
ST elevation
Early repolarisation

Fig. 14.5 Early repolarisation pattern examples and classification according to different state-
ments [307, 333, 334]. Jp denotes J-peak, Jt denotes J-termination (a.k.a. QRS end or J-point). In 
the Patton paper the J-amplitude/ST elevation is measured at the peak of the notch or the start of 
the slur, instead of at the end of the QRS. In all statements, ST elevation, J-point or J-peak should 
be ≥0.1 mV and present in ≥2 contiguous inferior and/or lateral leads
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14.7.4  Pathophysiology

The pathophysiological mechanisms underlying early repolarisation syndrome are 
currently far from clear. The absence of a well-defined genetic substrate, the com-
mon occurrence of the early repolarisation pattern in the young and healthy, and the 
obligatory absence of any other known primary electrical disease or (signs of) car-
diomyopathy, complicates this further. Although some authors have shared early 
repolarisation syndrome and Brugada syndrome under the common denominator 
‘J-wave syndromes’ [338], others have opposed this practice [306, 339]. Whether the 
notching or slurring of the terminal QRS complex is actually a depolarisation or a 
repolarisation phenomenon is also still unclear [339–341]. Certainly there is a clear 
distinction between the mechanisms underlying Brugada syndrome and early repo-
larisation syndrome as is mirrored on the reverse reaction on different provocations 
and the inherent difference in the localisation of the aberrant ST-elevation. While in 
early repolarisation tachycardia, hyperthermia, isoproterenol and sodium blocker 
administration will decrease the ST-elevation, it will increase ST-elevation in Brugada 
syndrome [110, 180, 324, 325, 342–344]. Also, in Brugada syndrome there is evi-
dence of conduction delay and of abnormal endocardial and particularly epicardial 
electrograms [22, 128, 190], while this is not the case in early repolarisation syn-
drome [337]. In contrast, in both Brugada syndrome and early repolarisation syn-
drome, an increased vagal tone is associated with ST-elevation [105, 109, 308, 337].

14.7.5  Genetics

For the comprehensive and authoritative Online Mendelian Inheritance in Man com-
pendium, early repolarisation associated with ventricular fibrillation (OMIM 613601) 
still awaits confirmation of a genetic association [245]. The first study into the genetic 
underpinning of early repolarisation syndrome was published in 2009 by the group 
of Haïssaguerre et al. shortly after their pivotal 2008 paper [298, 310]. In this study, 
a severely affected 14-year-old female is described who suffered from >100 cardiac 
arrests due to ventricular fibrillation and displayed a prominent early repolarisation 
pattern (mostly prominent notching). Detailed genetic evaluation of many candidate 
genes (KCNQ1, KCNE1, KCNH2, KCNE2, KCNJ2, KCNJ8, KCNJ11, ABCC9, 
KCNJ5, KCNJ3, KCND3, IRX3, IRX5, SCN5A, SCN1B, NCX1, CACNA1C, 
CACNB2, CALR, CASQ2 and ANK2) revealed a missense variant (p.S422L) in the 
KCNJ8 gene encoding the Kir6.1 subunit of the K-ATP channel. This variant was 
absent in 764 control alleles from healthy controls, and, importantly, was also absent 
in a cohort of 156 additional early repolarisation syndrome patients. The mother of 
the patient did not have this same variant and the father denied testing, so no segrega-
tion analysis was available. In the year thereafter, an association with the KCNJ8-
S422L variant was replicated by Medeiros-Domingo et al. [41]. In this study 101 
unrelated patients with Brugada syndrome (n = 87) or early repolarisation syndrome 
(n = 14), were evaluated for KCNJ8 variants, and in 1 Brugada patient and in 1 early 
repolarisation syndrome patient the same S422L variant was found (and absent in 
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1200 control alleles). Additional analyses showed that this variant was able to signifi-
cantly increase the K-ATP current of Kir6.1, suggesting a gain-of-function mutation. 
However, in sharp contrast to these two studies suggestive of a pathogenic role for 
KCNJ8, and particularly for the S422L variant, in a subsequent study in Ashkenazi 
Jews this association was questioned [311]. The KCNJ8-S422L appeared to be rather 
prevalent in this population (4%) and was not apparently associated with an early 
repolarisation pattern nor syndrome, not even in a homozygous boy.

Further studies into the genetic underpinning of early repolarisation syndrome 
suggested a role for calcium channel mutations. Burashnikov et al. evaluated mul-
tiple candidate genes (CACNA1C, CACNB2, CACNA2D1, KCNH2, KCNQ1, 
KCNJ8, KCNE1, KCNE2, KCNE3, KCNE4, SCN1B, and SCN3B) in a cohort of 
unrelated probands with Brugada syndrome (n  =  162), early repolarisation syn-
drome or pattern n = 24) and idiopathic ventricular fibrillation (n = 19). In their 
patients with early repolarisation syndrome or pattern, they found mutations in 
CACNA1C, CACNB2 (both unsuccessfully tested in the 2009 KCNJ8 study) and 
CACNA2D1. However, these variants were still only found in single cases among 
many tested subjects without proof of familial segregation.

There have also been reports of other possible associated genes, particularly 
SCN5A. One report suggested loss-of-function mutations in SCN5A to be associated 
with early repolarisation syndrome in the absence of a Brugada phenotype in 3 out of 
50 early repolarisation syndrome patients [345]. However, in this report there was 
clear evidence of conduction slowing and abnormal right precordial ST segments in 
these three patients, while a Brugada syndrome was not definitely excluded in the 
absence of potent sodium channel blockade with ajmaline or higher placed right pre-
cordial leads. Again, familial segregation was not demonstrated. In another report the 
ABCC9 gene was implicated to be associated with the early repolarisation syndrome 
[37]. In 4 out 150 probands with either the early repolarisation pattern of syndrome or 
Brugada syndrome, a variant in the ABCC9 gene was found. One of the tested variants 
indeed caused a gain-of-function of the K-ATP channel Kir6.1. These authors also 
reported that the father of one of these patients also carried the same variant and also 
showed the early repolarisation pattern, now indeed suggesting familial segregation.

As mentioned earlier, in the 2015 ESC guideline on ventricular arrhythmias, it is 
stated that no clear evidence of familial transmission of the early repolarisation 
syndrome exists [312]. There are, however, reports on early repolarisation in fami-
lies [308, 309]. In the Nunn et al. study, family members of probands diagnosed 
with the sudden arrhythmic death syndrome (SADS), were evaluated and were com-
pared to matched controls. They found that inferolateral J-point elevation was more 
common in SADS-relatives as compared to controls (23 vs. 11%) and suggested 
that this inferolateral J-point elevation may indeed be a marker of pro-arrhythmic 
trait or even a marker of pro-arrhythmia. In the Gouraud et al. study, the relatives of 
four families affected by the early repolarisation syndrome were studied. They 
found that an early repolarisation pattern was indeed common among family mem-
bers (33–61%), and suggestive of an autosomal dominant mode of inheritance.

An inherent problem in the genetic underpinning of early repolarisation syn-
drome remains that the alleles from a (phenotyped) control cohort can barely cover 
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the extremely low incidence of the cases with a genetic variant. As long as there is 
no proof of genetic linkage with the phenotype a plausible genetic explanation for 
early repolarisation syndrome will remain a challenging issue. Illustrative to this 
point is that the largest study into the identification of genetic variants predisposing 
to the early repolarisation pattern did not provide supporting evidence for a genetic 
substrate [346]. In this study, a genome-wide association meta-analysis in 7482 
subjects for the discovery stage, and in 7151 subjects for the replication stage (com-
bined prevalence of the early repolarisation pattern 2.9–9.8%), no variants found in 
the discovery stage could be replicated. Combined meta-analysis results also failed 
to reach genome-wide significance.

14.7.6  Clinical Decision Making

14.7.6.1  Risk Stratification
Risk stratification in early repolarisation syndrome is not particularly difficult; as 
these patients have already experienced malignant ventricular arrhythmias resulting 
in cardiac arrest and resuscitation, these patients have a class I indication for sec-
ondary protection by an ICD [144]. However, the problem in risk stratification 
arises in those with an early repolarisation pattern. As mentioned earlier, an upslop-
ing ST-segment is considered to be more probable benign, while a horizontal or 
downsloping ST-segment is considered to be more probable malignant [300, 335, 
336]. This knowledge base underlies a class 2b recommendation to consider pro-
phylactic ICD implantation in patients with a malignant early repolarisation pattern 
and/or in those with a previous syncope suggestive to be a tachyarrhythmia [144]. 
Importantly, there are currently no other parameters of risk in early repolarisation, 
including programmed stimulation [347]. In asymptomatic patients with an isolated 
early repolarisarion pattern, prophylactic ICD implantation is not recommend (class 
III recommendation) [144]. Whether patients with an overlap phenotype of Brugada 
syndrome and an early repolarisation pattern have a distinct risk profile is currently 
uncertain and it is advised to follow the regular risk stratification process for both.

14.7.6.2  Treatment
As mentioned earlier, secondary prevention for sudden death due to malignant 
arrhythmias can be established with ICD implantation. In a multi-centre study on 
drug therapy in early repolarisation syndrome it was documented that isoproterenol 
can be used to treat patients during electrical storm and that quinidine can be used 
to suppress recurrent arrhythmias on the long term [313]. Importantly, the other 
tested drugs in this cohort were ineffective to control arrhythmias and included 
mexiletine, verapamil, flecainide, propafenone, pilsicainide and also amiodarone 
(the latter seemed to be effective in 1 out of 6 patients during electrical storm 
though). There is currently no evidence that patients with early repolarisation syn-
drome should avoid specific drugs, in contrast to Brugada syndrome, Long QT syn-
drome and catecholaminergic polymorphic VT.
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14.7.7  Future Research

Although the early repolarisation pattern has been known since the early years of 
electrocardiology (even before the recognition of the importance of a prolonged QT 
interval), the early repolarisation syndrome is a rather new entity. As mentioned ear-
lier, we are also still struggling with the definition of the early repolarisation pattern, 
precluding uniformity in the research in this area. Another very important issue in the 
coming years will be to gain experience in the recognition of patients without symp-
toms but a high propensity for malignant arrhythmias in the future. These patients 
could be prophylactically treated with quinidine for example. However, as the early 
repolarisation pattern affects 5–60% and seldom up to 90% of investigated cohorts of 
presumably healthy individuals, and true early repolarisation syndrome is a particu-
larly rare entity, this unmistakably is a daunting task. Lastly, although evidence for a 
monogenic substrate for early repolarisation syndrome is currently lacking, there 
will probably be genetic variants influencing the phenotype. This might possibly also 
have impact on screening and prophylactic treatment in the future.
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15Inherited Conduction Disease and Atrial 
Fibrillation

Claire Martin and Pier Lambiase

Abstract
Normal atrial contraction requires homogeneous electrical propagation through 
the myocardium. Disruption of the structural or ionic components of the sinus 
node, atrial myocytes or conduction system can result in sinus bradycardia, atrial 
fibrillation (AF) or premature atrioventicular block.

This chapter discusses the key molecular mechanisms determining the devel-
opment of AF & conduction disorders. Both may exist as a monogenic disease, 
and research in these cases in animal models or human tissue focuses on investi-
gating expression of specific genes coding ion channels, cytoskeletal complexes 
or transcription factors.

Alternatively, patients with AF/conduction disease may have a genetic back-
ground that predisposes to the disease without it necessarily segregating in a 
family. Research approaches examine genetic variants in the human population, 
through candidate single nucleotide polymorphism studies or genome wide asso-
ciation studies. Knowledge of potentially causative genes and association loci 
may lead to the development of targeted treatment strategies for these conditions 
utilising the underlying molecular pathway(s). This chapter will systematically 
explore these aspects.
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15.1  Introduction

Normal atrial contraction requires an electromechanical impulse to propagate in an 
orderly way across myocardial cells. Any disruption in the structural and ionic com-
ponents may result in chaotic electrical activity known as atrial fibrillation (AF). 
Similarly, a break down in the structural or electrical integrity of the sinus node or 
conduction system can result in conduction system disease.

This chapter will discuss the main molecular mechanisms known to underlie the 
development of AF and conduction system disorders, focusing on the genes and 
association loci that have been linked to these conditions and the possible ways in 
which treatment options for these conditions could be influenced by knowledge of 
the underlying genetic pathways.

Research efforts have focused on two approaches—examining genetic variants 
in the human population, and then investigating expression of specific genes in ani-
mal models or human tissue. Genetics in the human may involve analysis of AF/
conduction disease as a monogenic disease in individuals with primary electrical 
disease, analysis of AF/conduction disease presenting in the setting of another 
familial disease, or the genetic background that might predispose to the disease 
without it necessarily segregating in a family. The first two pathways provide defini-
tive insight into the aetiology and require analysis of families with the disease seg-
regating across generations and following Mendelian inheritance in the context of a 
large effect size.

The third method involves investigating common variants. This can be performed 
through candidate single nucleotide polymorphism (SNP) studies, where a rela-
tively small number of SNPs are examined in genes that are suspected to be associ-
ated with a disease, and uses known biology or associations to select the most 
relevant SNPs. Alternatively, genome wide association studies (GWAS) examine 
millions of SNPs throughout a large population sample for unsuspected associations 
and can identify new biological mechanisms. Non-related cases of AF/conduction 
disease matched to controls by age and gender are compared to identify differences 
in segregation of genetic backgrounds between both groups that may explain sus-
ceptibility to the disease. These methods examine common variants which have a 
small effect size, conferring susceptibility to AF along with a number of acquired 
factors or co-morbidities (Fig. 15.1).

Studies looking at alterations in gene expression of ion channels and regulatory 
subunits are usually performed in animal models of the disease, but can be under-
taken on a more limited scale in humans. They provide information on molecular 
changes triggered by the disease, which may uncover the mechanisms leading to, 
for example, conduction disease or that allow paroxysmal AF to become 
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permanent. In AF for example, this may provide insight into whether changes in 
the atria form the aetiology of the disease, are a maladaptation or a compensatory 
mechanism [1–3].

15.2  Cardiac Conduction Disease

Conduction diseases encompass an important group of potentially life-threatening 
cardiac conditions accounting for approximately 50% of the one million perma-
nent pacemakers implanted worldwide each year [4]. Morgagni was the first In 
1761 to link recurrent fainting episodes with a slow pulse in a family, and similar 
observations were later made by Adams and Stokes. The development of the elec-
trocardiogram at the end of the nineteenth century provided tighter definitions of 
related phenotypes, but it was not until 1964 that two independent researchers 
published reports on a form of progressive CCD combining clinical observations, 
ECG recordings and detailed post mortem studies of the heart [5, 6]. Their descrip-
tions were subtly different, with Lev describing a diffuse fibrotic degeneration 
through the fibrous skeleton of the heart, whilst in Lenègre’s description the fibro-
sis was limited to the conduction fibres. However, both involved progressive con-
duction slowing through the His-Purkinje system with left bundle branch block 
(LBBB) or right bundle branch block (RBBB) and widening of QRS complexes 
leading to complete AV block and sometimes causing syncope or sudden cardiac 
death (SCD). Lenègre-Lev Syndrome is now synonymous with ‘Progressive 
Cardiac Conduction Disease’ (PCCD).

Thus, conduction diseases comprise a heterogeneous group of conditions that 
may be either inherited or acquired, and either associated with structural abnormali-
ties of the heart or manifest as ‘primary electrical diseases’ [7]. Cardiac activation 
is initiated in the sino-atrial node with the rate of depolarization dependent on the 
magnitude of the Na+ (sodium) current involving Na+ channel function and avail-
ability. The depolarizing current then spreads between cells through intercellular 
gap junctions. These each comprise hemi-channels, each containing 6 connexin 
protein subunits (Fig.  15.2) [8], which are low-resistance channels that provide 

Mendelian inheritance
• Rare variant
• Strong effect
• Low Population-attributable risk

Complex inheritance
• Common variant
• Week effect
• High Population-attributable risk
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frequencies and risk in 
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electrical coupling and intercellular electrical communication [9]. Thus conduction 
disease can result in abnormalities in any of the molecular components involved in 
electrophysiological activity, contractile function and cell–cell adhesion. 

15.2.1  Sodium Channel Mutations Causing PCCD

15.2.1.1  SCN5A
The first gene to be associated with PCCD was SCN5A, which encodes the alpha 
subunit of the voltage gated Na+ channel. Na+ channels are essential for the trans-
mission of the cardiac impulse through both the fast conducting system and the 
working myocardium [10], and it is therefore unsurprising that ‘loss-of-function’ 
mutations might result in conduction disease. In 1999, Schott’s group [11] described 
a family with PCCD with various types of conduction disorder displayed in its 
members: RBBB, LBBB, left anterior or posterior hemi-block and long PR inter-
vals. These defects were progressive over time (Fig. 15.3). Linkage analysis mapped 
the disease locus to chromosome 3 near SCN5A. Direct sequencing of affected 
members identified a splice donor site mutation in exon 22 of SCN5A (IVS.22+2T≥C) 
in 25 affected members. These observations suggest that PCCD associates SCN5A 
loss of function together with an additional permissive factor related to aging. 
Heterozygote Scn5a+/− mice demonstrate prolonged PR intervals, AV block and 
prolonged QRS intervals that worsen with age, associated with a pronounced myo-
cardial rearrangement, including fibrosis and redistribution of connexin43 expres-
sion [12, 13].

Closed Open

Hydrophilic channel
2–4 nm space

Intercellular space

Plasma membranes

Connexon
Connexon monomer

Fig. 15.2 Gap junction structure. From Mariana Ruiz
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There have subsequently been many reports identifying new SCN5A mutations 
causing PCCD or non-progressive CCD.  Mutations have been found in various 
locations on SCN5A (Fig. 15.4), and have been postulated to give rise to loss of Na+ 
channel function. Some mutations result in a non-functioning protein [14–16], 
whilst in others there is a defect in the trafficking mechanisms or in the channel gat-
ing behaviour once the protein is inserted into the membrane [17–21]. In the case of 
a Dutch family segregating a specific missense allele (G514C), the mutation causes 
unequal depolarizing shifts in the voltage-dependence of activation and inactivation 
such that a smaller number of channels are activated at typical threshold voltages 
[17]. Two SCN5A mutations causing isolated conduction disturbances (G298S and 
D1595N) are also predicted to reduce channel availability by enhancing the ten-
dency of channels to undergo slow inactivation in combination with a complex mix 
of gain- and loss-of-function defects [22].

a

b

Fig. 15.3 (a) Pedigree of the French family identified by Schott et al. Patients with an unknown 
status (stippled) were not included in the linkage study. Individuals carrying the mutation are indi-
cated (+), as are patients with a pacemaker (PM). (b). Representative ECGs from the French fam-
ily. Patient II-1 had an unspecified conduction defect (QRS duration 120 ms) at age 60, but at age 
72 had left anterior hemi-block with wide QRS complexes and a long PR interval (240 ms). ECGs 
from patients II-7, III-17 and IV-18 show complete LBBB, complete RBBB and left posterior 
hemi-block, respectively. Adapted with permission from Schott et al. [11]
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There are also cases in which individuals with severe impairment in conduction 
have inherited mutations from both parents. Lupoglazoff et  al. described a child 
homozygous for a missense SCN5A allele (V1777M) who exhibited rate-dependent 
atrio-ventricular (AV) conduction block [23]. In a separate report, probands from 3 
families exhibited perinatal sinus bradycardia progressing to atrial standstill (‘con-
genital sick sinus syndrome’ (SSS)) and were found to have compound heterozy-
gosity for mutations in SCN5A [24]. Compound heterozygosity in SCN5A has also 
been observed in 2 cases of neonatal wide complex tachycardia and a generalized 
cardiac conduction defect [18]. These unusually severe examples of SCN5A-linked 
cardiac conduction disorders illustrate the clinical consequence of near complete 
loss of Na+ channel function.

Recently, mutations have been found which have a modulator effect on 
SCN5A. Niu et al. [25] described a W1421X mutation where four generations of a 
family demonstrated cardiac conduction abnormalities and several cases of 
SCD. However, one member with the mutation was unaffected, and was found to 
have a second mutation SCN5A-R1193Q, postulated to have a protective role in 
moderating the impact of the first mutation. Polymorphisms in connexin genes have 
also been found to have effects. Groenewegen et al. [26] identified SCN5A-D1275N 
co-segregating with two connexin40 genotypes in familial atrial standstill (AS). 
Whilst SCN5A-D1275N channels showed only a small depolarizing shift in activa-
tion compared with wild type the combined effect led to the severe conduction 
defects.

All the above variants result in purely functional conduction disorders; however, 
SCN5A mutations may also result in structural abnormalities along with CCD. In 
2004, a large family with members suffering from sinus node dysfunction, arrhyth-
mia and ventricular dysfunction, was found to harbour SCN5A-D1275N [27] dem-
onstrating that genes encoding ion channels can also be associated with dilated 
structural phenotypes. Since then, other families with SCN5A mutations have been 
identified who display heart failure and atrial arrhythmias as well as conduction 
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disorder [28–30]. Whilst it is possible that such structural abnormalities arise 
through tachycardia-induced cardiomyopathy, most evidence suggests that DCM 
may well be a primary manifestation of the SCN5A mutation [41]. This may result 
from interactions of the cardiac Na+ channel with cytoskeletal components or 
through altered calcium homeostasis as a consequence of alterations in intracellular 
Na+ concentrations ([Na]i).

15.2.1.2  SCN5A Overlap Syndrome
SCN5A mutations are associated not only with CCD but also Long QT (LQT3) and 
Brugada Syndromes (BrS). A gain-of-function mutation of the Na+ channel is seen 
in LQT3 leading to a more prolonged depolarizing current, increasing the action 
potential duration (APD). BrS is associated with reduced Na+ channel function and 
is characterized electrocardiographically by ST elevation in the right precordial 
leads and RBBB. Whilst isolated PCCD does not usually involve the ECG changes 
seen with BrS or LQT3, SCN5A mutations may also be associated with more com-
plex phenotypes that appear to represent combinations of the characteristics of BrS, 
conduction system disease and LQT3 (Fig.  15.5). In one example, deletion of 
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Fig. 15.5 ECG traces of mutation carriers showing leads V1, V2, and V5. (a) QT interval prolon-
gation (b) ST segment elevation (patient IV-5 of the pedigree). (c) ST segment elevation and right 
bundle branch block (patient IV-3 of the pedigree). (d) First-degree AV block and E sinus arrest 
(patient III-14 of the pedigree). Reproduced with permission from Grant et al. [31]
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lysine-1500 in SCN5A was associated with impaired inactivation, resulting in a per-
sistent Na+ current, but also reduction in NaV channel availability by opposing shifts 
in voltage-dependence of inactivation and activation [31]. These complex relation-
ships between genotype and phenotype may underlie clinical findings that individu-
als with BrS and an identifiable SCN5A mutation have longer PR intervals [32] and 
may experience more bradyarrhythmias [33] than BrS individuals with BrS who do 
not have an identifiable SCN5A mutation. However, Lenègre-Lev and Brugada 
Syndromes remain two distinct clinical entities, as only those individuals with a BrS 
phenotype display ST elevation and ventricular arrhythmias.

15.2.1.3  SCN1B
The cardiac Na+ channel protein Nav1.5 constitutes the pore-forming subunit of 
a multi-protein complex [34]. There are at least four beta subunits that modulate 
the expression and function of the Na+ channel [35]. 3 pathogenic mutations have 
been found in the SCN1B gene, encoding the Na+ channel β1 subunit, which 
decreased the Nav1.5 mediated current in cellular expression system compared 
with controls [36].

15.2.1.4  SCN10A
Several large GWAS have demonstrated that loci within the SCN10A, encoding the 
Na+ channel Nav1.8, associate with AV conduction [37] and BrS [38]. A recent study 
has demonstrated cardiac expression of SCN10A, and identified an association of a 
non-synonymous SNP in the SCN10A with prolonged cardiac conduction. The PR 
interval is shorter in Scn10a−/− mice than in wild-type mice, suggesting that SCN10A 
in humans acts to lengthen cardiac conduction, and that this SNP in SCN10A is a gain-
of-function variant [39]. Furthermore there is evidence that a cardiac enhancer in 
SCN10A interacts with and regulates the promoter of SCN5A, thus providing an 
explanation for how SCN10A genetic variants may affect conduction [40].

15.2.2  Other Genes Causing CCD in Structurally Normal Hearts

Mutations in genes encoding other relevant proteins have been identified in families 
with conduction disorders, although these do not usually exhibit the progression 
with age seen in Lenègre-Lev syndrome. Often mutations at the same site may 
result in either purely functional conduction defects or may also be associated with 
dilated or restrictive cardiomyopathy or other structural defects.

15.2.2.1  Connexins
There are four connexin isoforms in the human heart, which have a regional distri-
bution. Cx40 are found in large, Cx43  in medium, Cx45  in small and Cx31.9  in 
ultra-small conductance gap junction channels respectively [41]. Mutations in con-
nexins have been linked to abnormal cardiac activation and conduction disorders. A 
causal relationship between nucleotide substitutions in gene coding for Cx40 and 
progressive familial heart block has been demonstrated, with heterologous 
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expression resulting in a reduction in junctional conductance and diffuse localiza-
tion of Cx40 proteins at plasma membrane without formation of gap junctions [42].

15.2.2.2  TRPM4
There have been several descriptions of CCD in families in South Africa, with pro-
gressive RBBB and other conduction disturbances and a family history of SCD, 
which has been termed type I progressive familial heart block (PFHB) [43–45]. A 
distinct clinical entity, PFHB type II was also characterized, with complete heart 
block but narrow complexes. A similar disease was prevalent in Lebanon, with con-
duction defects, especially RBBB, progressive over time [46, 47]. A number of 
microsatellite markers in the South African and Lebanese families have been 
mapped to chromosome 19q13.2-13 [48, 49]. Subsequently, the genetic interval for 
the PFHBI disease locus has been defined, with a missense mutation in TRPM4 
isolated as the cause of blunted cardiac conduction in several branches of a large 
Afrikaner family [50]. TRPM4 encodes a Ca2+-activated channel (CAN) in in vitro 
expression systems [51] and has been suggested to contribute to the transient inward 
current (Iti) initiated by Ca2+ waves. The PFHBI-associated mutation, which results 
in an amino acid sequence change in the TRPM4 N terminus, was found to lead to 
constitutive SUMOylation of TRPM4 and impaired TRPM4 endocytosis, resulting 
in a dominant gain of TRPM4 channel function (Fig. 15.6).

More recently, three more mutations in TRPM4 were reported in French and 
Lebanese families with PCCD [52]. Functional experiments expressing these three 
mutant variants of TRPM4 suggested a similar gain-of-function phenomenon 
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c

b

Fig. 15.6 (a, b) Cardiac phenotype of PFHBI patients. (a) Sinus rhythm with a RBBB in an 
8-year-old asymptomatic boy on a standard 12-lead ECG, with leads Std I, V1, and V6 shown. (b) 
2:1 atrioventricular node block (atrial rate, 76 bpm; ventricular rate, 38 bpm) with a broad QRS 
complex on Holter monitoring in a 54-year-old man who had recently become symptomatic. ECGs 
were recorded at a 25 mm/s paper speed and 10 mm/mV signal amplitude. (c) TRPM4 missense 
mutation in exon 1 associated with PFHBI. Electropherograms show TRPM4 WT sequence and 
the heterozygous sequence change c.19G→A in the DNA of PFHBI-affected individuals. 
Reproduced with permission from Kruse et al. [50]
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related to altered deSUMOylation. In another recent study [53], an additional six 
TRPM4 mutations in patients with RBBB and AV block were identified, but electro-
physiological or biochemical studies have yet to be carried out in order to elucidate 
the potential mechanisms involved. Altogether, these recent studies strongly suggest 
that TRPM4 plays a key role in the pathogenesis of genetically determined conduc-
tion disorders. It may be that gain-of-function mutant TRPM4 channels lead to cell 
membrane depolarization in the conduction system, thus reducing the number of 
available Na+ channels and resulting in the observed conduction abnormalities.

15.2.2.3  KCNK17
In a PCCD patient with idiopathic VF, whole exome sequencing has identified a 
missense mutation in the KCNK17 gene [54], which encodes the potassium (K+) 
channel TASK-4. A gain of function of TASK-4-mediated current may reduce the 
availability of Na+ current by depolarizing the membrane of conduction system 
cells. 

15.2.3  CCD Associated With Structural Cardiac Defects

Cardiac transcription factors are known to be critical in formation of the cardiac 
conduction system as well as cardiac septation and morphogenesis. It is thought that 
10% of sporadic congenital heart disease involve de novo mutations which may 
affect cardiac conduction [55–57]. For example, the molecular pathway involving 
TBX5, NKX2.5 and Id2 genes controls specification of ventricular myoctyes into the 
ventricular conduction system lineage [58] as well as formation of the cardiac 
chambers and endocardial cushions, and modifies gene expression of ion channel 
proteins that contribute to properties of conduction system and contraction of myo-
cardium [59]. Mutations have been linked to CCD associated with congenital heart 
disease [60].

15.2.3.1  NKX2.5
NKX2.5 (cardiac-specific homeobox) regulates proliferation of atrial working and 
conduction myocardium in coordination with the Notch pathway [61]. NKX2.5 
mutations have been identified in cases of CCD, and also Wenckebach conduction 
block, ventricular non-compaction and SCD. These cases are associated with septal 
defects [62] and a variety of other congenital heart defect phenotypes such as tetral-
ogy of Fallot, truncus arteriosus, double outlet right ventricle, L-transposition of 
great arteries, interrupted aortic arch and hypoplastic left heart syndrome [63–65].

15.2.3.2  Tbx5
Mutations in the gene encoding the T-box transcription factor Tbx5 have been found 
in 2 families with Holt-Oram syndrome [66]. This syndrome has an autosomal dom-
inant transmission pattern and may include radial ray upper limb abnormalities, 
cardiac septation defect and coarctation [67, 68]. A range of conduction disorders 
may be seen, such as sinus bradycardia or AV block, even in the absence of overt 
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structural heart disease. Mutations in the TBX3 gene, which lies close to TBX5 on 
chromosome 12q24, result in ulnar-mammary syndrome. A case of contiguous dele-
tions of both TBX5 and TBX3 displaying clinical features of both, had rapidly pro-
gressive cardiac conduction disease [69].

15.2.3.3  Others
An intact cytoskeleton is required for proper myocyte structure and is involved in 
cell signalling processes. Mutations in genes encoding cytoskeletal proteins can 
lead to cardiomyopathy or muscular dystrophy, an example being the LMNA A/C 
gene, encoding laminin. However, often the first and most prominent disease mani-
festation is isolated CCD, without or before the development of detectable struc-
tural cardiac abnormalities. It appears that mutations in cytoskeletal proteins directly 
or indirectly alter ion channel function. This is supported by recent studies showing 
that alpha-syntrophin interacts with the alpha-subunit of the cardiac Na+ channel, 
thereby regulating its membrane expression and gating behaviour [70]. Interactions 
of cytoskeletal proteins with mutant Na+ channels may explain the exaggerated 
fibrosis seen in some cases of Lenègre-Lev syndrome [16, 18].

Mutations in PRKAG2 encoding an AMP-activated protein kinase, have been 
found in cases of both isolated CCD [71] and conduction disease with cardiac 
hypertrophy [72]. These mutations may influence cardiac conduction by affecting 
the phosphorylation state of several cardiac ion channels; for example T172D that 
is known to affect the inactivation properties of the human cardiac Na+ channel in 
heterologous cell expression [73].

Inborn errors of metabolism that affect normal transport and metabolism of fatty 
acids due to enzymatic defects may present as conduction disease and atrial arrhyth-
mias without structural heart disease, although they can also be associated with 
cardiomyopathies. Usually, patients have defects in enzymes that regulate mito-
chondrial transport of long-chain fatty acids [74]. The accumulation of fatty acid 
metabolites downstream from the enzyme defect cannot only be myotoxic, but may 
also influence ion channels. They have been shown to reduce the inward rectifying 
K+ and depolarizing Na+ current, to activate Ca2+ channels, and to impair gap- 
junction hemi-channel interaction [75].

15.2.4  The Role of Common Genetic Variants

Several GWAS have identified variants in multiple loci that show evidence of asso-
ciation with heart rate [37, 76–78] (Fig. 15.7). Although none of the heart rate loci 
have shown association with the risk of AV block, SSS, pacemaker implantation or 
sudden cardiac death individually, a higher genome-wide polygenic score (GPS) 
was associated with reduced risk of SSS and pacemaker implantation. A range of 
approaches, including proteomics experiments and gene expression quantitative 
trait locus analysis, labelled 49 of the 234 genes located within the 21 loci as candi-
date genes for heart rate regulation [79]. Experiments in animal models supported a 
role in heart rate regulation for 20 of the 31 candidate genes tested, including ones 
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that have a role in embryonic development (EPHB4, PLXNA2, PLD1 and CALCRL), 
as well as those with a role in the pathophysiology of dilated cardiomyopathy, con-
gestive heart failure and/or SCD (TTN, MFN1, CHRM2 and PLD1). These findings 
provide new insights into the mechanisms that regulate heart rate and may impact 
upon management strategies in future.

15.2.5  Management of Patients With Inherited PCCD

PCCD is diagnosed mainly in the presence of unexplained progressive conduction 
abnormalities in patients under 50. The index patient should have clinical data col-
lected including history, family history, 12 lead ECG and an echo/MRI to investi-
gate the presence of structural heart disease. Early onset PCCD in a structurally 
normal heart should trigger PCCD genetic testing [80].

There is currently no genotype based risk stratification strategy, but with geno-
type positive patients there should be a low threshold for investigating symptoms or 
ECG findings. Patients should avoid drugs with conduction slowing properties and 
there should be active treatment of fever in SCN5A mutation carriers to minimise 
the risk of ventricular arrhythmias. A recent HRS/EHRA/APHRS expert consensus 
statement concludes that pacemaker implantation should be recommended in PCCD 
patients with either intermittent or permanent third degree and high grade AV block, 
or symptomatic Mobitz I or II second degree AV block (class I recommendation). 
PPM can be useful in PCCD patients with bifascicular block with or without first 
degree AV block (class IIa recommendation) [81]. Targeted genetic screening of 
first degree relatives of a mutation positive PCCD patients is also recommended, to 
allow prospective follow up of asymptomatic mutation carriers.

Fig. 15.7 Manhattan plot of SNPs associated with heart rate. The 7 loci that were previously 
identified are highlighted in light blue; the 14 newly associated loci are highlighted in dark blue. 
Loci that reached P < 3 × 10−5 after stage 1 but did not reach P < 5 × 10−8 after multi-stage meta- 
analysis are highlighted in red. Reproduced with permission from den Hoed et al. [79]
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15.2.6  Conclusions

There have been recent advances in the understanding of the development and 
pathophysiology of CCD, and in particular in the genetic backgrounds behind rare 
forms of familial PCCD. A large number of genes have been linked to cardiac con-
duction disorders. Genotype-phenotype correlations have demonstrated that PCCD 
is associated not only with aging, but also processes that lead to AV block and intra- 
ventricular block. Once more is known regarding the genetic pathways determining 
cardiac conduction, genetic analysis may become a routine part of management, 
with gene-mutation based risk stratification helping to determine optimal timing for 
pacemaker implantation. Mechanistically driven preventative strategies might also 
be employed to slow the development of the disease e.g. to modulate transcription 
or improve ion channel trafficking.

15.3  Atrial Fibrillation

AF is the most common cardiac arrhythmia, estimated to affect 1–2% of the UK 
population. Its prevalence is increasing and is estimated to have doubled by 2040 
[82, 83]. The most serious chronic sequelae of AF include stroke, heart failure, and 
dementia with devastating effects on an individual’s health and high socio-economic 
costs [84].

The increased incidence of AF is driven partly by ageing populations, but other 
factors are also implicated. Although hypertension remains the most well described 
risk marker, metabolic factors also play a part. Investigators of the Framingham 
Heart Study estimated that obesity was associated with a 50% increase in risk of AF 
[85]. A linear association has been reported between BMI and AF and short-term 
increases in body mass contributed substantially to risk of AF [86]. Although some 
of the effects of obesity might be haemodynamic (e.g., through impaired ventricular 
relaxation or atrial stretch), more direct metabolic effects seem likely [85, 86]. 
Diabetes is also independently associated with AF [87]. Epidemiological data for 
prevalence of AF in racial groups and various geographical locations provide evi-
dence of intrinsic (presumably genetic) interactions. Black people have a higher 
prevalence of hypertension and metabolic disease but a lower incidence of AF than 
a comparable white population [88].

AF is a clinically and genetically heterogeneous condition, which can be thought 
of as representing the final common phenotype of multiple diverse pathways. 
Conditions that promote AF involve atrial structural, electrical and autonomic 
abnormalities and/or remodelling that lead to re-entry or triggered activity [89]. 
Slow conduction velocities and short effective refractory periods (ERP) allow the 
establishment and stabilization of multiple re-entrant circuits (Fig. 15.8). Delayed 
afterdepolarizations (DAD) emerge from abnormal Ca2+ release from the sarcoplas-
mic reticulum during diastole, acting as triggers for re-entry or, when sustained, as 
a focal source for AF [90, 91].
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15.4  AF as a Monogenic Disease

If AF occurs in the absence of any obvious predisposing factors it is known as ‘lone 
AF’ [92]. Lone AF can be thought of as a primary electrical disease caused by 
changes in ionic currents. It was in fact first reported in a family in 1943 [93], and it 
is estimated that 5% of pts with AF and up to 15% of individuals with lone AF may 
have a familial form [94]. There have been significant advances in the last 10 years 
in investigating the genetic elements of AF, with data from the Framingham study 
and Icelandic population showing that parental AF leads to a relative risk of AF in 
offspring of 4.7, if parents are affected before 60 years [95, 96]. The risk of develop-
ing lone AF at young age increases with the number affected of relatives with lone 
AF and decreasing age at onset in family members [97]. While this may of course 
reflect common exposure to environmental factors, it is likely that genetic suscepti-
bility plays a significant role [94–96, 98, 99].

Various AF loci and genes with large effect sizes in AF kindreds have been iden-
tified in positional cloning and linkage analyses. The first AF locus was discovered 
in 1997 [100]; to date, mutations in over 25 genes have been associated with AF, 
including those encoding cardiac gap junctions, signalling molecules, ion channels 
and accessory subunits (Table 15.1). Gain or loss of function mutations in genes 
encoding proteins controlling cardiac depolarization or repolarization can increase 
susceptibility to AF (Fig. 15.9). Cardiac APD shortening has been shown to lead to 
re-entrant wavelets [101, 102], whilst prolonging the ERP enhances the likelihood 
of early afterdepolarsiations (EADs) [103, 104]. Interestingly, both gain and loss of 
function mutations in the same gene can cause AF.
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Table 15.1 Atrial fibrillation genetic variants identified in families and individuals

Gene Gene name Function References
ABCC9 ATP-binding cassette, subfamily 

C,member 9
IKATP current [213]

GATA4 Transcription factor GATA-4 Cardiac development [116, 170, 182, 
214]

GATA5 Transcription factor GATA-5 Cardiac development [117, 182, 215]
GATA6 Transcription factor GATA-6 Cardiac development [216–218]
GJA5 Connexin 40 Formation of atrial gap 

junctions
[119, 193, 
219–222]

GREM2 Gremlin-2 BMP antagonist [223]
HCN4 Hyperpolarization activated cyclic 

nucleotide-gated K+ channel 4
If current [224]

JPH2 Junctophilin-2 Ca2+ homeostasis [225]
KCNA5 K+ voltage-gated channel, 

shaker-related subfamily, member 
5

IKur current [125, 143, 145, 
149]

KCND3 K+ voltage-gated channel, 
Shal-related subfamily, member 3

Ito1 current [140]

KCNE1 K+ voltage-gated channel, 
Isk-related family, member 1

Kv channel activity 
modulation

[139]

KCNE2 K+ voltage-gated channel, Isk- 
related family, member 2

Kv channel activity 
modulation

[153]

KCNE3 K+ voltage-gated channel, Isk- 
related family, member 3

Kv channel activity 
modulation

[226]

KCNE5 KCNE1-like Kv channel activity 
modulation

[227]

KCNH2 K+ voltage-gated channel, 
subfamily H (eag-related), member 
2

IKr current [80, 228]

KCNJ2 K+ inwardly-rectifying channel, 
subfamily J, member 2

IK1 current [141, 142]

KCNJ5 Potass K+ ium inwardly-rectifying 
channel, subfamily J, member 5

IKACh current [229]

KCNJ8 K+ inwardly-rectifying channel, 
subfamily J, member 8

IKATP current [230]

KCNQ1 K+ voltage-gated channel, KQT- 
like subfamily, member 1

IKs current [105, 107, 108, 
231–234]

LMNA Lamin A/B Nuclear envelope structure [202, 203]
NKX2.5 Homeobox protein Nkx2.5 Cardiac development [113]
NPPA Natriuretic Peptide Precursor A Systemic sodium 

homeostasis
[197, 235]

NUP155 Nucleoporin 155 Nuclear pore formation [236]
PITX2c Paired-like homeodomain 2c Great vein development, 

left right asymmetry
[114]

RYR2 Ryanodine Receptor 2 Ca2+ release from 
sarcoplasmic reticulum

[237]

(continued)
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15.4.1  Genes Associated With AF

15.4.1.1  Potassium Channel Mutations
One model proposed for AF pathogenesis describes reduced atrial ERP as a sub-
strate for re-entrant arrhythmias [101]. This model is supported by reports of 

Table 15.1 (continued)

Gene Gene name Function References
SCN1B Na+ channel, voltage-gated, type I, 

beta subunit
INa current modulation [103, 238]

SCN2B Na+ channel, voltage-gated, type 
II, beta subunit

INa current modulation [103]

SCN3B Na+ channel, voltage-gated, type 
III, beta subunit

INa current modulation [120, 121]

SCN4B Na+ channel, voltage-gated, type 
IV, beta subunit

INa current modulation [224]

SCN5A Na+ channel, voltage-gated, type V, 
alpha subunit

INa current [148, 151, 152, 
239–241]

Adapted from Tucker and Ellinor [212]
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Fig. 15.9 The AP is initiated by a rapid influx of Na ions (phase 0), followed by early (phases 1 
and 2) and late (phase 3) stages of repolarization, before returning to the resting membrane poten-
tial (phase 4). Repolarization is controlled by a balance between inward (red) and outward (blue) 
currents. The genes encoding the major currents of the atrial AP are shown. *Function-modifying 
subunit. #Mutation in this gene associated with atrial fibrillation. Reproduced with permission 
from Darbar and Roden [251]
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gain-of-function mutations in genes encoding subunits of cardiac ion channels 
responsible for generating repolarising K+ currents; these mutations are predicted to 
decrease atrial APD and, therefore refractoriness. Familial AF has been associated 
with mutations in KCNQ1, which encodes the pore-forming alpha subunit of the 
cardiac K+ channel Iks. In one mutation, functional studies have demonstrated an 
increase in current density, along with altered gating and kinetic properties, which 
results in shorter APD and ERP [105]. Other gain of function mutations have also 
been described [106, 107]. Another gain of function mutation in KCNQ1 has been 
identified with high penetrance in 5 different families with early onset AF, which 
also leads to an abnormal QTc, syncope and SCD [108].

KCNE1-5 encodes the regulator beta subunits of IKs, and mutations in these 
genes resulting in gain of function of IKs have been identified in families with 
AF (KCNE1: [109], KCNE2: [110], KCNE3: [111], KCNE4 [112], KCNE5: 
[113]). KCNH2 encodes the alpha subunit IKr; mutations in this gene resulting 
in increased IKr have been related to Short QT Syndrome (SQTS) and AF [112, 
114, 115].

KCNJ2 encodes the inward rectifier channel Kir2.1 responsible for the IK1 cur-
rent, which determines the late phase [3] of repolarisation and maintains the resting 
membrane potential (phase 4). Missense mutations causing gain of function have 
been identified in a Chinese family with AF [116]. KCNJ8 encodes the cardiac 
KATP channel Kir6.1, which controls a non-voltage-gated inwardly rectifying K+ 
current, and leads to shortened APD under conditions of metabolic stress [117]. A 
missense mutation causing gain of function [118] has been identified in a cohort of 
lone AF patients [117].

The KCNA5 gene encodes the atria specific Kv1.5 channel which plays a role in 
the ultra-rapid delayed rectifier K+ channel IKur involved in cardiac repolarization. A 
deletion in a kindred with early-onset lone familial AF [119] disrupts a proline-rich 
motif involved in tyrosine-kinase regulation of IKur, and renders the channel kinase- 
resistant. The precise mechanism for AF in this kindred is not certain, and might 
involve gain-of-function or loss-of-function of IKur but importantly, this study estab-
lished the tyrosine-kinase signalling pathway as a potential therapeutic target in 
AF. A nonsense mutation causing loss of function has been identified in a familial 
case of AF [120], leading to APD prolongation and EADs. These data also predicted 
increased vulnerability to stress-induced triggered activity, and carriers of 
this KCNA5 variant were prone to develop AF when challenged with isoproterenol 
[120]. This postulated mechanism for increased susceptibility to AF is supported by 
two studies in which investigators discovered loss-of-function mutations 
in KCNA5 in patients with lone AF [103, 121]. Therefore, AF-associated mutations 
are likely to trigger AF by multiple mechanisms other than shortening of the atrial 
APD [122, 123]. The high prevalence of early-onset AF in patients with congenital 
long QT syndrome also supports a similar mechanism for AF in these patients [124].

Lastly, the ABCC9 gene encodes the SUR2A KATP channel subunit, which pro-
vides electrical stability under stress, including adrenergic challenge. A missense 
mutation causing loss of function has been identified in a case of early onset AF 
originating from triggers in the vein of Marshall [125].
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15.4.1.2  Na+ Channel Mutations
As mentioned above, the SCN5A gene encodes the alpha subunit of the cardiac Na+ 
channel which controls the INa current involved in cardiac depolarization. Rare vari-
ants in SCN5A have been identified in a familial form of AF, several of which cause 
overlapping phenotypes with cardiomyopathy [126]. 8 mutations in SCN5A have 
been seen in a cohort of lone AF patients, leading to decreased transient peak cur-
rent and increased sustained current [127]. Both gain or loss of function alterations 
in cardiac Na+ current can be involved in early onset AF.

SCN1B-4B encodes modifying beta subunits of the cardiac Na+ channel. Loss of 
function mutations have been found in cohort of AF patients (SCN1B and SCN2B: 
[128], SCN3B: [129], as well as in patients with BrS [130]. SCN1Bb encodes the 
second beta1 transcript, Navbeta1B. A missense mutation has been found in patients 
with lone AF and with BrS [131], resulting in decreased peak Na+ current and 
increased Kv4.3 transient outward current. [132].

15.4.1.3  Non-ion Channel Mutations
Table 15.1 also summarises known genes other than ion channels associated with 
AF. The NUP155 gene on chromosome 5q13 76 encodes nucleoporin, a component 
of the nuclear pore complex involved in nucleo-cytoplasmic transport. An AF locus 
has been mapped to chromosome 5q13 in a large AF family with autosomal reces-
sive inheritance [133], which was then identified as NUP155 [134]. A homozygous 
mutation was seen in all affected family members, and heterozygous knock-out 
(KO) mice also demonstrated an AF phenotype.

NPPA encodes ANP, a circulating hormone produced in cardiac atria involved in 
BP regulation through natriuresis, diuresis and vasodilation [135]. In a family with 
an autosomal dominant pattern of AF, a heterozygous frameshift mutation in NPPA 
co-segregated with AF, and the mutant peptide shortened the atrial APD and ERP in 
a rat heart model [136]. A novel missense mutation in NPPA also co-segregates with 
early onset AF [137].

GATA4 and GATA6 genes encode cardiac transcription factors. They work syn-
ergistically with NKX2-5 in regulation of target gene expression, especially cardio-
genesis [138]. A GATA4 mutation has been identified in lone AF [139]. Other 
studies have shown GATA4 mutations which co-segregate with AF, and lead to a 
decreased transcriptional effect [140–142]. Two heterozygous GATA6 mutations in 
2 of 110 probands with familial AF co-segregated with AF in an autosomal domi-
nant pattern, and were also associated with congenital cardiac defect in 3 AF patients 
[143]. Other studies have shown mutations in GATA6 which co-segregate with AF 
and lead to decreased transcriptional activity [144, 145].

The LMNA gene, mentioned above in conjunction with PCCD, encodes lamin 
A/C, an intermediate filament protein associated with inner nuclear membrane. A 
heterozygous missense mutation in LMNA have been seen in a family with AF as 
well as SVT, VE, muscle weakness and SCD [146]. Two further variants have been 
identified in two probands with AF, one with episodes of AV block, the other with 
reduced LV function, LBBB and a family history of heart disease [147].
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The critical role of PITX2 in the development of the pulmonary myocardium (see 
more below) has led investigators to examine other developmental genes important 
for atrial differentiation and cardiac development. A novel interaction was identified 
between AF and a rare variant (Q76E) within the coding region of gremlin-2 
(GREM2; an antagonist of bone morphogenetic protein), which increases its inhibi-
tory activity and cardiac development [148]. In a Zebra fish model GREM2 is 
required for cardiac laterality and atrial differentiation, and GREM2 over-activity 
results in slower cardiac contraction and lower contraction velocity. BMP is regu-
lated by PITX2, and it is possible that GREM2 acts as an upstream regulator.

Another mechanism by which rare ion-channel and signalling-molecule variants 
might increase susceptibility to AF is through abnormal and heterogeneous distur-
bance of cell-to-cell impulse propagation. GJA1 and GJA5 genes encode connexin 
43 and connexin 40. Four heterozygous missense mutations in GJA1 have been 
identified in families with AF [149]. A frameshift mutation in GJA5 leading to a 
protein–trafficking defect not present in lymphocyte DNA i.e. genetic mosaicism, 
causes failure of electric coupling between cells and has been associated with famil-
ial AF [150]. Germline mutations have also been identified in GJA5 in patients with 
lone AF, and impairment of cell-to-cell communication has been confirmed in func-
tional studies [151–153]. Furthermore, common polymorphisms in the promoter 
region of GJA5 have been associated with AF, and functional studies showed that 
this promoter haplotype was associated with reduced luciferase activity, which is 
indicative of cardiac conduction heterogeneity [154] and decreased activity of two 
transcription factors: Sp1 and GATA-4 [155]. These data suggest that rare genetic 
variants in connexin-40 modulate expression of this gap-junction protein, with 
reduced expression causing impaired electrical cell-to-cell communication and cre-
ating conduction heterogeneity and a substrate for AF maintenance.

15.4.2  The role of Common Genetic Variants

The aim in the use of GWAS is to validate genetic markers for the population and 
assess how accurately these can differentiate patients from controls. Rare variants 
usually exhibit a large effect, result in early-onset AF and show Mendelian inheri-
tance. Candidate SNP studies examine a small number of SNPs suspected to associ-
ate with the disease and use known biology. Genome wide association studies 
(GWAS) have shown that common SNPs have a role in the development of AF 
(Table 15.2). As of 2014, nine SNPs had been associated with AF and may allow 
elucidation of biological pathways and the genetic component of the more common 
forms of AF (Fig. 15.10). Huge sample sets are needed to establish deleterious or 
protective rare variants. By increasing sample size, the AFGen Consortium (www.
afgen.org) have recently identified 12 more loci for AF. Further studies from large 
sample sizes are underway currently and the NHLB1 TOPMed program for Whole 
Genome Sequencing in early-inset AF is also in progress.

From these studies, functional groups can be seen, with variants in transcrip-
tions factors, ion channels and related proteins and known myocyte proteins 
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associating with AF. None of the GWAS hits are in amino-acid coding regions 
of genes. It would appear that they act instead as regulators of adjacent genes, 
possibly to alter the function of a promotor or enhancer, leading to up or down 
regulation of downstream processes. Work is needed to correlate GWAS hits 
with mRNA expression of genes located in the proximity of regions of SNPs. It 
should be remembered that the top hits from GWAS are not necessarily disease 
causing variants and GWAS hits may be in high linkage disequilibrium with low 
frequency variants [156].

Table 15.2 Genes associated with AF through GWAS studies

Transcription 
factors

Ion channels and related 
proteins

Known myocyte 
proteins Others

PITX2 KCNN3 MYOZ1 C90RF3
PRRX1 HCN4 TTN SYNE2
ZFHX3 CAV1/2 PLN CAND2
TBX5 GJA1 NEURL
CUX2 KCNN2 METTL11B
WNT8A SCN5A ANXA4

KCNJ5 CEP68
THRB
ASAH1
HSF2/
SERINC
SH3PXD2A

155

PRRX1

KCNN3

KCNN2
KLHL3 GJA1 ASAH1

CAV1–CAV2 SYNPO2L

NEURL1

SH3PXD2A
TBX5
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HCN4
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Fig. 15.10 Manhattan plot of meta-analysis results for genome-wide association with atrial fibril-
lation. The −log10 (P value) is plotted against the physical position of each SNP on each chromo-
some. The threshold for genome-wide significance, P < 5 × 10−8, is indicated by the dashed line. 
The previously reported loci for AF are indicated in blue, and the new loci that exceeded the 
genome-wide significance threshold are indicated in orange. Reproduced with permission from 
Christophersen et al. [257]
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15.4.2.1  4q25 Locus
The first SNP identified identified by GWAS was rs2200733, located in proximity 
of gene PITX2 on chromosome 4q25 and highly associated with AF [157]. The 
PITX2 gene encodes the paired-like transcription factor PITX2. In the human heart, 
PITX2c is the major isoform expressed [158] and is involved in the control of asym-
metric cardiac morphogenesis [157]. A genetic variant on chromosome 4q25 has 
been associated with altered levels of PITX2 transcripts in left atrial (LA) tissue 
samples [159] and the role of PITX2 in the development of LA has been demon-
strated in a KO mouse model [160]. It is thought to be required for the development 
of a sleeve of cardiomyocytes extending from the LA to the initial potion of the 
pulmonary veins [161]. This would fit with the known anatomical substrate for AF 
of ectopic foci from within PVs and posterior LA initiating and maintaining AF 
[162], and the basis of current strategy of pulmonary vein isolation as the corner-
stone for ablation treatment [163].

Heterozygous KO PITXx +/− mice have normal cardiac morphology and function, 
but the expression of Ca2+ ion binding proteins, gap and tight junction and ion channels 
are altered, as well as showing differential expression of genes in Wnt signalling, a key 
fibrosis signalling pathway, with increased expression of collagen and extracellular 
matrix genes. Isolated mouse hearts go into AF during programmed pacing, showing 
shortened APDs and ERPs [164] (Fig. 15.11). Human studies have shown that PITX2c 
expression is decreased in patients with persistent AF [165]. There is much still to learn 
about PITx, including the mRNA levels in atrial tissue and target proteins.

15.4.2.2  Variants Modulating Cardiac Ion Channels
Several AF-susceptibility loci encoding cardiac ion channels have been identified. 
These include the K+/Na+ hyperpolarization-activated cyclic nucleotide-gated chan-
nel gene HCN4 on chromosome 15q24, which encodes the cardiac pacemaker chan-
nel responsible for the funny current, and which as described above has been linked 
with sinus node dysfunction. The gene is expressed in most of the conduction sys-
tem and is the predominant isoform of primary pacemaker in mouse hearts [166]. 
Rs13376333 is found on chromosome 1q21 in the KCNN3 gene, which encodes the 
small conductance Ca2+-activated K+ channel and is involved in atrial repolarization. 
Rabbit burst-pacing models which aim to mimic ectopic PV foci have shown that 
PV and atrial APDs are shortened, an effect inhibited by apamin which is known to 
block Ca2+-activated K+ channels [167].

Rs3807989 is found close to the caveolin-1 gene CAV-1 on chromosome 7q31, 
which encodes a cellular membrane protein selectively expressed in the atria and 
involved in signal transduction. This is expressed in atrial myoctyes, and is needed 
for the development of caveolae involved in electric signal transduction [168]. 
CAV1 KO mice have dilated cardiomyopathy and pulmonary hypertension [169]. 
Importantly, the caveolin-1 protein co-localises with, and negatively regulates the 
activity of, KCNH2 protein, a K+ channel involved in cardiac repolarization, and 
KCNH2 has been associated with AF in a candidate-gene association study [170].
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15.4.2.3  GWAS Loci With Potential Links to Atrial Fibrosis
In 2009, two separate groups identified common risk alleles on chromosome 16q22 that 
associated with AF (OR 1.1–1.2). Both SNPs are close to the gene that encodes the zinc 
finger homeobox protein 3 (ZFHX3). Similarly to PITX2, ZFHX3 (also known as AT 
motif binding-factor 1) is a transcription factor that regulates skeletal muscle and neuro-
nal development, with variable expression in many tissues, including the heart [171]. 
Interestingly, ZFHX3 regulates the transcription of the POU1F1 gene (encoding POU 
class 1 homeobox 1), which not only facilitates DNA binding, but also modulates tran-
scriptional activity of PITX2 [172]. ZFHX3 might also mediate its effect on the risk of 

a

c

b

Fig. 15.11 The activity of β-galactosidase was detected in PITX2c-Cre/+R26R mice by using 
X-gal staining of embryos (a, upper panel). The absence of β -galactosidase activity in the Pitx2c- 
Cre/-R26R pulmonary vein indicates the deficiency of PITX2c myocardial cell (a, lower panel). 
Cardiac troponin I (cTnI) staining demonstrated differentiated myocardial cells in a wild-type 
heart (b, upper panel), but an absence of myocardial cells in the heart of a Pitx2c KO KO littermate 
(b, lower panel). The process of the development of pulmonary myocardium (pulm. myoc.) with 
either differentiation of pulmonary mesenchyme (pulm. mesen.) to myocardium or invasion of 
pulmonary vein by atrial myocardium requires presence of Pitx2c (c). PV indicates pulmonary 
vein, LL left lung, RL right lung, RA right atrium, LSH left sinus horn, RSH right sinus horn, (R/L) 
A right/left atrium. Reproduced with permission from Lubitz et al. [258]
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AF by modulating oxidative stress [173]. The gene associates with runt-related tran-
scription factor 3 (RUNX3), which translocates in response to TGF-beta signalling and 
is an important fibrosis mediator [174, 175]. It might therefore increase susceptibility to 
AF by modulating pathways to increase inflammation and oxidative stress, which are 
important in pathogenesis of AF [176].

Rs3903239 is found on chromosome 1q24, 46kb upstream from PRRX1, which 
encodes a homeodomain transcription factor which is highly expressed in develop-
ing heart [177]. Studies in KO mice show that PRRX1 is needed for normal devel-
opment of great vessels and lung vascularization, and is linked to pulmonary and 
liver fibrosis [37, 178].

SYNE2 encodes nesprin-2 that, with nesprin-1, forms a network in muscle link-
ing the nucleoskeleton to nuclear membrane structures and the actin cytoskeleton 
[179]. α-Catenin interacts with nesprin-2 and emerin to regulate Wnt signalling- 
dependent transcription, a pathway implicated in fibrosis in the heart, kidney, and 
lung [180, 181]. Rs1152591 is found on chromosome 14q23 in the intron of gene 
SYNE2. Mutations are found in families with Emery-Dreifuss muscular dystrophy, 
who present with cardiomyopathy and cardiac conduction defects [177, 182]. 
Rs10821415 is in an open reading frame on chromosome 9, near to genes FBP1 and 
FBP2, which are involved in gluconeogenesis [177], although a further link has not 
yet been made. Rs10824026 is found on chromosome 10q22, 5  kb upstream of 
SYNPO2L [177], which encodes the cytoskeletal protein CHAP (cytoskeletal heart- 
enriched actin-associated protein). This is highly expressed in the Z-disc of cardiac 
and skeletal muscle and play an important role in skeletal and cardiac muscle devel-
opment. Knock-down of this gene in zebrafish causes aberrant cardiac and skeletal 
muscle development and function [183]. It has been shown to be a susceptibility 
locus for AF in a family with autosomal dominant AF [100].

Taken together, there considerable evidence suggests that many common 
AF-susceptibility variants have the potential to modulate atrial fibrosis. Additionally, 
all these risk variants are likely to mediate their effect not only by regulating atrial 
conduction slowing, but also by modulating electrical remodelling processes that 
promote AF, such as shortening of the ERP.

15.4.2.4  Two Hit Hypothesis
Most patients with AF have one or more identifiable risk factors, such as hypertension 
or structural heart disease; however, many patients with these risk factors do not 
develop AF. Thus one might hypothesise that genetic determinants increase AF sus-
ceptibility in some individuals with other identifiable risk factors (genetic or acquired). 
In early GWAS, patients with non-familial AF were compared with controls and a 
small number of variants in candidate genes previously implicated in AF pathogenesis 
were tested. Subsequently, the GWAS paradigm of surveying the whole genome has 
been used successfully to identify new genomic loci contributing to AF susceptibility. 
For example, the risk of developing AF markedly increases (odds ratio [OR] 12–26) 
when a rare AF variant interacts with common AF risk alleles at the 4q25 locus [184]. 
Therefore, these data support the idea of a “two-hit” hypothesis—the combination of 
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a genetic variant with additional risk factors, such as left atrial dilatation or other 
genomic variants, is important in AF pathogenesis (Fig. 15.12) [185].

15.5  Bioinformatics

Exome data from NHLBI GO Exome Sequencing Project (ESP) (Seattle, WA, USA, 
URL. http://evs.gs.washington.edu/EVS/) reveals genetic variation in the general 
population. It uses next generation sequencing (NGS) of DNA from 6500 unrelated 
people recruited from different population studies, and is therefore representative of 
genetic variation in healthy subjects [127]. Rare variants associated with AF are 
mostly not present in the ESP population i.e. the variants are not random findings, 
but are disease-causing [186]. This is in contrast to studies showing that mutations 
previously thought to be disease causing in LQTS, sudden infant death syndrome 
(SIDS) and BrS show high prevalence in the ESP population and therefore may not 
in fact be disease causing [187–189].

15.6  Genetic Overlap With Other Cardiac Diseases

There is a large overlap between different genes involved in arrhythmic disease such 
as LQT, BrS, SQTS, SIDS, cardiomyopathy and AF.  Indeed, most of the genes 
associated with AF are also associated with other arrhythmic diseases (Table 15.3). 

Left atrial
enlargement

Cardiomyopathy

Ageing

Ischaemia

Diabetes
mellitus

Autonomic
tone

Metabolic
syndrome Valvular

disease

Alcohol

Atrial fibrillation

Genetic variants

Rare genetic variants

Na+, K+, Ca2+ channels, gap
junction α5 protein, nuclear
pore complex protein, atrial

natriuretic peptide

Common AF
susceptibility alleles

Genome-wide association
studies

Drugs
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Obstructive sleep
apnoea

Traditional and novel AF
risk factors

Fig. 15.12 Integration of environmental and genetic factors in AF pathogenesis. Adapted from 
Darbar and Roden [251]

C. Martin and P. Lambiase

http://evs.gs.washington.edu/EVS/


505

Nine genes associated with AF have not been associated with other arrhythmic dis-
eases (KCNE4, KCNA5, SCN2B, NUP155, GJA5, GATA4, GATA6, NKX2-5 and 
GREM2). These may be specific for AF, but another possibility is that these cohorts 
have simply not been examined yet. Patients with genetically proven SQTS or 
LQTS have a higher risk of early-onset AF [190, 191]. Early-onset AF occurs in 2% 
of patients with genetically proven LQTS as compared with a background preva-
lence of 0.1% [190]. In general, both shortened and prolonged QTc appear to be risk 
factors for AF, and especially lone AF [192].

15.7  Genetic Testing in AF

A recent HRS/EHRA expert consensus document has set out recommendations for 
genetic testing in channelopathies and cardiomyopathies [80]. Genetic testing is 
currently not indicated for AF as none of the known disease associated genes 
account for more than 5% of cases. Furthermore, there are no clear links between 
SNPs and clinical outcome.

A novel risk prediction model using data from 20,822 women without cardio-
vascular disease at baseline has been constructed [193]. This generates a genetic 
risk score using the 9 loci known to be common variants. Adding this genetic 
score to an AF risk algorithm improves the predictive accuracy, and may pave the 
way for the use of common variants for risk stratification. This may be a practical 
possibility with the advent of NGS, where the whole genome can be sequenced in 
a few days. This could lead to a personalized medicine approach, where specific 
variants could potentially predict whether the patient will elicit a response to a 
specific drug.

Table 15.3 Genes implicated in overlap syndromes

LQTS BrS SQTS SIDS Cardiomyopathy
KCNQ1 ✓ [189] ✓ [189] ✓ [186]
KCNE1 ✓ [189, 242] ✓ [186]
KCNE2 ✓ [189, 242] ✓ [186]
KCNE3 ✓ [189, 242] ✓ [243]
KCNE5 ✓ [244]
KCNJ8 ✓ [186]
KCNH2 ✓ [189] ✓ [245] ✓ [189] ✓ [186]
KCNJ2 ✓ [189] ✓ [189]
KCND3 ✓ [246]
SCN5A ✓ [189] ✓ [247] ✓ [186] ✓ [126]
SCN1Bb ✓ [131] ✓ [186]
SCN3B ✓ [248] ✓ [186]
ABCC9 ✓ [249]
NPPA ✓ [250]
LMNA ✓ [187]
GJA1 ✓ [186]
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15.8  Role of Genomics in Therapy For AF

First line therapy for AF usually comprises anti-arrhythmic drugs, with a proportion 
of symptomatic patients selected for catheter ablation. Several factors contribute to 
the considerable variation in treatment options available—a lack of mechanism 
based and reliable effective treatments, together with adverse effects of both phar-
macological and ablation therapy. Studies comparing rhythm and rate control have 
so far failed to show a survival benefit, and therefore there is an argument that there 
is no rationale in maintaining sinus rhythm if the patient has minimal symptoms 
[194]. However, maintaining sinus rhythm still has a role to play in the cases of 
symptomatic individuals, and large prospective studies now recruiting, may show a 
survival benefit including the prevention of progressive heart failure and stroke. 
Identifying genes responsible for AF will help understand its pathophysiology, 
especially in terms of heterogeneity of substrate and differences in disease mecha-
nisms. Results from prospective, adequately powered, genotype directed clinical 
trials may allow us to then target therapy to the underlying molecular AF mecha-
nisms in an individual patient, rather than relying on empiric approaches. Tailored 
therapy will lead to improved efficacy and reduced risk of adverse effects.

The response to drug therapy is highly variable between patients and there is 
currently little data to base selection of antiarrhythmic drugs in a particular indi-
vidual. There is a lack of well-defined end points to measure efficacy of treatment. 
Often time to first symptom is used, but this correlates poorly with frequency of 
symptomatic episodes, and is unable to assess asymptomatic episodes. Limitations 
in continuous ambulatory monitoring technology has led to practical difficulties 
in assessing AF burden, but this is now easier with new miniaturised technology 
[195, 196].

Genetic factors have an important role in modulating drug responses. For rare 
ion-channel and other variants there are clear possible therapeutic implications. For 
example, in gain of function K+ mutants, K+ channel blockers such as sotolol might 
be employed. Equally, Na+ channel blockers should be avoided if there is a loss-of- 
function variant in the Na+ channel or its modifiers. However, although these muta-
tions have a large effect size, they are rare and therefore the effects not widely 
applicable.

Common variants identified by GWAS have a greater aggregate effect, with com-
binations modulating AF risk. There have been few studies of genomic predictors of 
response to therapy, and they have been limited by being retrospective and of small 
sample size, meaning few results have been independently validated (Table 15.4). 
Reference 4q25 genotype has been independently associated with an improved 
response to class I or II antiarrhythmic drugs (OR 4.7). Beta1-adrenergic receptor 
polymorphisms (Arg389Gly) are significantly associated with inadequate ventricu-
lar rate control (OR 1.44) [197]. Loci with multiple SNPs associated with failure to 
response to 3 of more AV blocking drugs have been identified in 3 genes: MYO7A, 
SOX5, LANCL2. SOX5 codes for a transcription factor involved in the regulation 
of embryonic development and cell fate and is expressed in the heart. GWAS data 
have implicated SOX5 polymorphisms as PR modulators [37].
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The NIH Pharmacogenomics Research Network [198] has recruited a large num-
ber of patients with well-characterized drug-response phenotypes. One project 
within the network is to establish a DNA repository for the large Catheter Ablation 
Versus Antiarrhythmic Drug Therapy for Atrial Fibrillation (CABANA) trial, in 
which two major approaches for the management of AF—ablation and drugs to 
maintain sinus rhythm—will be compared. Thus will hopefully allow investigators 
to address questions such as which patients are most likely to respond to, or develop 
complications with, ablation or drug therapy.

The Fire and Ice study [199] compared cryoballoon ablation and RF ablation. 
One clear point was that despite advances in technology and over 15 years’ experi-
ence, recurrence rates have not dramatically fallen. The well-established parameters 
for determining ablation strategy include clinical presentation of AF, length of time 
in AF, LA diameter and presence of low voltage regions. However, genetic factors 
may help us better understand mechanisms for AF recurrence and therefore selec-
tion criteria for listing for ablation and allow a personalized approach in ablation 
strategy.

Using a candidate SNP approach, AF susceptibility alleles have been examined 
to identify which may potentially be associated with recurrence of AF after ablation. 
The main three loci which have been studied are 1q21/KCHN3, 4q25/PITX2 and 
16q22/ZFHX3. No overall effect on recurrence has been found with 1q21/KCHN3 
or 16q22/ZFHX3, with different effects seen depending on the cohort [200, 201]. 3 
SNPs have been found at the 4q25/PITX2 locus—rs10033464, rs2200733, 
rs6843082. Of these, the rs2200733 has shown a significant association with AF 
recurrence in several European studies [201–203] but not in a Korean study [200].

Table 15.4 Common genetic polymorphisms that modulate the response to therapies for AF

Gene or SNP Results Replicated? Reference
Rhythm 
control 
therapy

Angiotensin-converting 
enzyme I/D

D/D and I/D—increased 
AF recurrence after drugs

No [252]

Beta1-adrenergic receptor 
polymorphisms (G389R, 
S49G)

Arg389Arg—increased 
flecainide potency and 
increased HR during AF

Yes [253]

4q25: rs2200733, 
rs100334464; 16q22: 
rs7193343; 1q21: 
rs13376333

Re10033464—increased 
AF recurrence after drugs

Yes [197]

4q25: rs2200733, 
rs100334464

Any variant allele—
increases early or late AF 
recurrence after ablation

Yes [202, 
254]

4q25: rs2200733, 
rs100334464; 16q22: 
rs7193343; 1q21: 
rs13376333

Any common SNP 
increases AF recurrence 
after DCCV

No [203]

Rate 
control 
therapy

Beta1-adrenergic receptor 
polymorphisms (G389R, 
S49G)

G389R—better rate 
control

Yes [230]

Adapted from Darbar and Roden [251]
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There are several potential mechanisms for AF recurrence, including non-PV 
triggers, LA remodelling and PV sleeve reconnection. The current cornerstone for 
AF ablation is PVI, so those patients with non-PV triggers are likely to have worse 
outcomes as the procedure has not addressed the underlying mechanism for their 
arrhythmia. Mohanty et al. [204] tested 400 AF patients for an association between 
candidate panel of 16 SNPs and non-PV triggers. Two SNPs were associated with a 
lower risk of non-PV triggers, those at the SCN5A and 4q25/PITX2 loci, and two 
with a higher risk—4q25/PITx2 and ZFHx3. SNP 16q22 was associated with ecto-
pic foci in the SVC in paroxysmal AF but not persistent AF, with a specificity of 
97% in a single centre Japanese centre. PVI sleeve reconnection is a leading cause 
of recurrence of AF following ablation; however so far no studies have specifically 
examined genetic variants potentially associated with this. SNPs might also be inde-
pendent predictors of AF recurrence after DCCV, with 4q25 SNPs showing higher 
recurrence of AF after DCCV.

The presence of LA fibrosis is also associated with poorer outcome following AF 
ablation [205], again because PVI does not address the issue of substrate in the rest 
of the LA. There have been several studies mostly in individual cohorts, with candi-
date genes involved in LA remodelling/fibrosis including ACEI/D [206, 207], 
CYP11B2 [207], AGT [208], IL6R [209], eNOS3 [210] and EPHX2 [211]. ACE 
I/D polymorphism may be the most promising, as it was found to be significant in 
both European and Asian cohorts.

 Conclusion

Various rare, mostly 'private' genetic variants affecting only a single kindred that 
encode diverse ion-channel and signalling proteins have been found to increase 
the risk of developing AF through distinct genetic mechanisms. This diversity is 
likely to contribute to the genetic heterogeneity of AF and the differential 
response to therapies. The extent to which genetic variants, or combinations of 
genetic variants with variable penetrance determine susceptibility to AF is an 
area of active investigation.

Positional cloning and candidate-gene approaches have provided novel 
insights into the genetic mechanisms of AF, and since 2007 several GWAS have 
identified further genetic loci and genes implicated in AF. However, there is a 
disconnect between identifying genes and elucidating their mechanism. Indeed, 
some might argue that finding a GWAS is relatively straightforward, but deter-
mining function is not. The challenge now is to move from association to 
mechanism.

Current literature on genetic variation and AF ablation outcome is predomi-
nantly focused on common variants. Most studies have reported small or modest 
effect sizes and some contradictory findings. Previously reported associations 
need replication in larger cohorts of both European and non-European ancestries. 
Using additional genetic information could allow risk stratification based on pre-
procedural characteristics to determine which patients are most likely to benefit, 
and tailoring ablation/drug/ablation-drug hybrid strategy for an individual 
patient. The development of genetic risk scores will likely be needed to clinically 
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utilise common variant data. A large scale GWAS focused on AF recurrence after 
ablation may be useful to discover new genetic loci and determine the relative 
effect of SNPs on AF recurrence. From this, once we have a better understanding 
of the genetic basis of AF, we can translate this genetic knowledge to the care of 
patients. Critically, this should include assessment of how combinations of clini-
cal and genetic factors predict development of AF and to what extent genomic 
variation adds to ordinary predictors such as hypertension or ischaemic heart 
disease.
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16Cardiovascular Manifestations 
in Duchenne/Becker Muscular Dystrophy 
and Other Primary Myopathies

Douglas A. Stoller and Pradeep P.A. Mammen

Abstract
Patients with muscular dystrophy face a lifetime of physical challenges due to 
their neuromuscular disease. Physical challenges are faced on a daily basis, and 
as such this is the initial focus from a clinical perspective. Over the past decades, 
improvements in physical and respiratory therapy, coupled with advances in 
technology, have substantially improved quality of life for this patient group. 
Improvements in computer technology such as voice recognition have increased 
access to education and allowed greater independence for muscular dystrophy 
patients. Use of assisted cough techniques and ventilatory support, particularly 
non-invasive support, has significantly prolonged the lifespan of patients with 
neuromuscular disease, particularly Duchenne muscular dystrophy. As a result, 
cardiac disease is now thought to be the leading cause of death among those with 
Duchenne muscular dystrophy, and represents a new medical challenge for the 
current generation of patients.

Because skeletal and cardiac muscle share a common embryologic origin, the 
underlying genetic mutations generally impact both skeletal and cardiac muscle. 
Cardiac disease is common among patients with neuromuscular disease. 
Essentially all men with Duchenne muscular dystrophy will develop cardiomy-
opathy by age 18. In contrast, cardiac involvement in other muscular dystrophy 
patients depends on the specific subtype. For example, LGMD1B patients com-
monly have arrhythmias and cardiomyopathy while LGMD1C patients have iso-
lated cases of hypertrophic cardiomyopathy. Patients with Becker muscular 
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dystrophy exhibit a broad range of cardiac phenotype—from patients with no 
cardiac involvement to those with severe cardiomyopathy requiring heart 
transplant.

Yet while cardiac disease is common, its scope and impact in neuromuscular 
patients is under recognized. Neurology clinics dedicated to muscular dystrophy 
are common, while only a handful of dedicated neuromuscular cardiomyopathy 
clinics exist (primarily at academic centers). Fewer still receive active treatment 
for cardiac disease.

In this chapter, we begin with a concise review of the basic assessment and 
workup of congestive heart failure in the general adult population. With this as a 
backdrop, the cardiac management of three common neuromuscular diseases—
the dystrophinopathies, Limb-Girdle muscular dystrophy, and congenital muscu-
lar dystrophy.

Keywords
Adult cardiomyopathy • Becker muscular dystrophy • Duchenne muscular dys-
trophy • Limb-Girdle muscular dystrophy • Congenital muscular dystrophy

16.1  Introduction

Patients with muscular dystrophy face a lifetime of physical challenges due to their 
neuromuscular disease. Physical challenges are faced on a daily basis, and as such 
this is the initial focus from a clinical perspective. Over the past decades, improve-
ments in physical and respiratory therapy, coupled with advances in technology, 
have substantially improved quality of life for this patient group [1]. Improvements 
in computer technology such as voice recognition have increased access to educa-
tion and allowed greater independence for muscular dystrophy patients. Use of 
assisted cough techniques and ventilatory support, particularly non-invasive sup-
port, has significantly prolonged the lifespan of patients with neuromuscular dis-
ease, particularly Duchenne muscular dystrophy. As a result, cardiac disease is now 
thought to be the leading cause of death among those with Duchenne muscular 
dystrophy, and represents a new medical challenge for the current generation of 
patients.

Because skeletal and cardiac muscle share a common embryologic origin, the 
underlying genetic mutations generally impact both skeletal and cardiac muscle. 
Cardiac disease is common among patients with neuromuscular disease [2]. 
Essentially all men with Duchenne muscular dystrophy will develop cardiomyopa-
thy by age 18. In contrast, cardiac involvement in other muscular dystrophy patients 
depends on the specific subtype. For example, LGMD1B patients commonly have 
arrhythmias and cardiomyopathy while LGMD1C patients have isolated cases of 
hypertrophic cardiomyopathy [3]. Patients with Becker muscular dystrophy exhibit 
a broad range of cardiac phenotype—from patients with no cardiac involvement to 
those with severe cardiomyopathy requiring heart transplant.
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Yet while cardiac disease is common, its scope and impact in neuromuscular 
patients is under recognized. Neurology clinics dedicated to muscular dystrophy are 
common, while only a handful of dedicated neuromuscular cardiomyopathy clinics 
exist (primarily at academic centers). Fewer still receive active treatment for cardiac 
disease.

In this chapter, we begin with a concise review of the basic assessment and workup 
of congestive heart failure in the general adult population. With this as a backdrop, 
the cardiac management of three common neuromuscular diseases—the dystrophi-
nopathies, Limb-Girdle muscular dystrophy, and congenital muscular dystrophy—
will be reviewed and discussed.

16.2  General Management of Adult Cardiomyopathy

According to the most recent data available from the Centers of Disease Control and 
World Health organization, cardiac disease is the leading cause of death in the 
United State and the world at large. Heart failure, the clinical syndrome resulting 
from impaired cardiac flow due to abnormal filling or ejection, represents a major 
subset of all cardiac disease and is a common cardiac manifestation of neuromuscu-
lar disease. More than 5 million people in the United States have heart failure, with 
approximately 1 in 5 developing heart failure in one’s adult lifetime [4].

All patients with known or suspected cardiac disease should undergo a thorough 
initial history and physical assessment [5]. A careful review of cardiac symptoms 
including chest pain, dyspnea, orthopnea, paroxysmal dyspnea, palpitations and 
syncope should be completed, especially in those with functional limitations. A 
three-generation family history is recommended in all patients with potential famil-
ial disease. The physical exam should include a thorough assessment of volume 
status via estimation of jugular venous pressure, perfusion of the distal extremities, 
and edema. Review of vital signs is particularly important in those with limited 
physical abilities, as tachycardia and narrow pulse pressure may be the only signs of 
impaired cardiac function.

In addition to a thorough history and physical exam, a thorough baseline labora-
tory assessment is useful for estimating risk and establishing a baseline for heart 
failure patients. The Seattle Heart Failure Model is a validated risk factor score 
which predicts 1, 2 and 5 year mortality based on a number of factors including age, 
ejection fraction, medications, and laboratory data. At a minimum, cardiac markers 
including troponin and B-type natriuretic peptide should be obtained at the initial 
assessment as both provide independent prognostic information. A baseline ECG 
should be obtained, and Holter monitoring is useful in patients with palpitations. 
Noninvasive cardiac imaging is likewise critical is assess for structural disease and 
systolic dysfunction. Cardiac MRI is preferred in suitable patients with cardiomy-
opathy to assess for delayed gadolinium enhancement, a prognostic marker of car-
diac disease even in the absence of symptoms or systolic dysfunction.

Two important and complementary classification schemes are used in heart fail-
ure based on the initial assessment [5]. The American College of Cardiology 
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Foundation/American Heart Association (ACCF/AHA) classifies patients based on 
the risk and/or presence of cardiac disease. Stage A patients are at high risk for heart 
failure but currently have no detectable structural disease or symptoms; we would 
classify all muscular dystrophy patients would fall into this category. Stage B 
patients have evidence of structural heart disease (i.e. delayed gadolinium enhance-
ment on cardiac MRI) but have no heart failure symptoms. Stage C patients have 
structural heart disease and symptoms, while Stage D patients require specialized 
interventions.

Secondly, the New  York Heart Association (NYHA) functional classification 
groups patients by symptoms regardless of the underlying structural disease. NYHA 
class I patients have no symptoms with ordinary activity, while NYHA class II 
patients develop symptoms with exertion that mildly limit activity. NYHA class III 
patients remain asymptomatic at rest, but have marked physical limitation. Finally, 
NYHA class IV patients are symptomatic at rest or with any physical activity.

Therapy in heart failure is organized around the stage and symptom class for each 
patient. Heart failure management is based on numerous treatment trials resulting in a 
strong evidence base. The first line of heart failure treatment is medical therapy. 
Treatment of ACCF/AHA Stage A patients focuses on reducing the risk for subse-
quent heart failure. Aggressive treatment of hypertension and reducing the risk of 
ischemic heart disease by treating dyslipidemia and diabetes are common scenarios.

Stage B patients, asymptomatic by definition, are treated based on ejection frac-
tion. Those with normal ejection fraction are treated essentially the same as Stage A 
patients. Stage B patients with systolic dysfunction (ejection fraction <50) should 
be treated with ACE inhibitors and beta blockers. Most of the experimental data in 
this subgroup is derived from patients with known CAD which accounts for a sig-
nificant percentage of overall heart failure. That said, there is strong data supporting 
the use of ACE inhibitors in all patients with systolic function regardless of the eti-
ology or presence of symptoms [6, 7]. Patients unable to tolerate an ACE inhibitor 
should be treated with angiotensin receptor blockers (ARBs) instead.

Stage C patients have structural heart disease and symptoms. All patients with 
systolic dysfunction should be treated with maximal doses of ACE inhibitors (ARBs 
if intolerant of ACE inhibitors) and beta blockers [5, 8]. ACE inhibitors have been 
shown to reduce mortality and hospitalizations regardless of symptom burden in 
those with and without the evidence of coronary disease. Data from multiple trials 
investigating ACE inhibitor therapy conclusively demonstrate reduced total mortal-
ity, heart failure related death, and heart failure hospitalization. Beta blockers are 
the second major class of medications shown to reduce mortality and hospitaliza-
tion in heart failure. Similar to ACE inhibitor therapy, the benefits of beta blocker 
therapy are broad and include patients of all race, gender, and disease profile (with 
or without coronary disease, diabetes). Beta blocker therapy should be initiated 
once patients are clinically stable and not in decompensated heart failure.

It should be noted that specific beta blockers (metoprolol succinate, carvedilol, 
bisoprolol) are preferred in the management of heart failure [5, 9–12]. Unlike ACE 
inhibitors where all have shown consistent benefit, variation is present among beta 
blockers such that only those beta blockers with positive trial results are 
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recommended (bisoprolol, carvedilol, or metoprolol succinate). While many cardi-
ologists apply similar logic to ACE inhibitors (choosing enalopril or lisinopril), 
guidelines do not prefer one ACE inhibitor over another. Medical therapy with ACE 
inhibitors, beta blockers, and ARBs should be started at low doses and increased 
gradually to treatment targets established based on trial results (not response to 
therapy). Patients should undergo uptitration of medical therapy until target doses 
are met (lisinopril 20–40 mg daily, enalapril 10–20 mg twice daily, carvedilol 25 mg 
BID and metoprolol succinate 200 mg daily as examples) or they are unable to toler-
ate higher doses due to hypotension or worsening renal function. Dual therapy with 
low doses of beta blocker and ACE inhibitor is preferred over maximizing one at the 
expense of the other. Finally, lack of CHF symptoms should not delay initiation of 
medical therapy with ACE inhibitors or beta blockers. Both drugs have been shown 
to benefit asymptomatic patients and delay disease progression.

The third major class of medications for patients with Stage C heart failure are 
aldosterone receptor antagonists (ARBs) [5]. ARBs are typically added to medical 
regimens already including ACE inhibitors and beta blockers per treatment guide-
lines while these trials were conducted, although many believe ARBs are likely 
equally beneficial as ACE inhibitors and beta blockers. Mortality and hospitaliza-
tion secondary to heart failure are reduced by ARB therapy. In randomized clinical 
trials, ARBs demonstrate a greater reduction in total mortality than either beta 
blockers or ACE inhibitors [13–15]. Benefit is seen for patients with a range of heart 
failure symptoms as well as patients after myocardial infarction. Care must be taken 
to avoid hyperkalemia or worsening renal function; therapy should only be started 
in patients with potassium less than 5 mEq/L and serum creatine less than 2.5 mg/
dL. Both spironolactone and eplerenone should be started at low dose (12.5 mg 
daily and 25  mg daily, respectively) with close monitoring of bloodwork within 
1 week of starting medication. In common use, nearly one quarter of patients will 
develop hyperkalemia. The dose of ARB should be reduced (or stopped) if potas-
sium exceeds 5.5 mEq/L.

Several other classes of mediation for Stage C heart failure deserve mention [5, 
8]. Combination hydralazine and isosorbide should be added to African American 
patients already on medical regimens including an ACE inhibitor and beta blocker 
based on the A-HeFT trial [16]. In the general heart failure population, ACE inhibi-
tors have been shown to outperform vasodilator therapy but should be used in 
patients who cannot tolerate an ACE inhibitor or ARB (i.e. those with a history of 
angioedema or severe renal dysfunction). Diuretics are added in patients with evi-
dence of volume overload on physical exam (elevated jugular venous pressure, 
peripheral edema or rales) as well as patients with elevated natriuretic peptides. 
Digoxin can be added to regimen for the goal of reducing hospitalizations, and 
importantly should not be discontinued in patients on stable regimens.

Medical therapy should be continued lifelong, even with complete reverse 
remodeling and the absence of symptoms.

Finally, appropriate Stage C patients should be considered for device therapy 
including an implantable cardioverter defibrillator (ICD) and cardiac resynchroni-
zation therapy (CRT) [5, 8]. Patients with severe systolic dysfunction are at increased 
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risk for ventricular arrhythmias and sudden death. While medical therapy has been 
shown to reduce the risk of sudden death, further reduction of risk can be obtained 
with CRT and ICD therapy as primary prevention in appropriately selected patients 
[17–19]. Prior to implantation, patients should be first maximized on medical ther-
apy (typically after 3–6 months), as cardiac remodeling will occur in a majority of 
patients. If severe systolic dysfunction (defined as an ejection fraction <35%) 
remains after medical therapy has been maximized, patients should be considered 
for an ICD. CRT therapy (pacing both right and left ventricles) should be considered 
in patients with severe systolic dysfunction and a wide QRS (>150 ms) with a left 
bundle branch pattern.

Stage D patients continue to have severe symptoms despite maximal therapy as 
described above [5]. Stage D patients have frequent hospitalizations, often exhibit 
declining renal function, and can be intolerant of guideline directed therapy such as 
ACE inhibitors and beta blockers. As a result, appropriately selected patients should 
be considered for chronic inotrope therapy, left ventricular assist devices (LVADs), 
and heart transplantation.

16.3  Dystrophinopathies

The dystrophin gene is the largest mammalian locus, and consists of 79 exons 
located at Xp21 [20]. First cloned by Louis Kunkel, dystrophin (~427 kDa) is a 
cytoskeletal scaffold protein that links actin to the dystrophin-sarcoglycan complex 
(Fig. 16.1). and is critical to membrane stability. Mutations in dystrophin result in 
membrane instability and increased susceptibility to damage from muscle contrac-
tion. Experimental evidence suggests that dystrophin is involved in signal transduc-
tion, and can interact with nitric oxide synthase [2]. Membrane instability also 
results in elevated serum levels of cardiac enzymes.

Mutations in dystrophin cause both Duchenne muscular dystrophy and the less- 
severe Becker muscular dystrophy [20]. Duchenne muscular dystrophy (incidence 
1:3500) results from a complete lack of dystrophin. Symptoms present in early 
childhood, typically before the age of 5, and follow a predictable pattern (see below) 
[21]. Becker muscular dystrophy (incidence 1:19,000) results when overall dystro-
phin expression is reduced or the mutations result in protein truncation/alteration 
but not deletion. Unlike Duchenne, disease manifestations in Becker muscular dys-
trophy are variable in both onset and severity [1].

16.3.1  Duchenne Muscular Dystrophy

As noted, dystrophin is critical to membrane structure and stability. In its absence, 
the constant movement caused by myocardial contraction ultimately results in mem-
brane damage. As a result, increases in intracellular calcium lead to proteolysis and 
ultimately destruction of cardiomyocytes. Regeneration of damaged and destroyed 
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cardiomyocytes is upregulated, but ultimately cardiomyocytes are replaced with 
fibrotic tissue when the repair process is overwhelmed.

Cardiac disease in Duchenne patients classically presents with abnormal ECG 
findings of an anterior QRS shift and tall R waves in precordial leads V1 and V2 due 
to characteristic scarring of the posterobasal wall [1, 22]. Fibrosis often extends to 
the lateral free wall including the posterior papillary muscle, and progresses from 
the base to apex of the heart. Necrosis is typically present at the junction between the 
myocardium and epicardial fat although at advanced stages transmural defects can 
develop. The coronary arteries can be involved although this is thought to be a sec-
ondary process (Fig. 16.2).

Because of the concomitant physical limitations, manifestations of cardiac dis-
ease in Duchenne patients are often vague. Symptoms may include fatigue, dys-
pnea, nausea from abdominal swelling, palpitations, and chest discomfort. Many 
patients will be asymptomatic until very advanced disease has developed. The car-
diac physical exam can be similarly difficult. Tachycardia is common. Due to loss 
of dystrophin in vascular smooth muscle, patients often have low normal blood 
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pressure and lukewarm extremities at baseline even though these signs are ominous in 
general heart failure patients. Assessment of jugular venous distention and the hepa-
tojugular reflux are elevated in volume overload, but are uninformative in patients 
with ventilator support.

Given these challenges with history and physical exam, a workup via testing and 
imaging is vital for the care of Duchenne patients. On initial visits, we recommend a 
complete set of bloodwork including basic metabolic, endocrine and cardiac labs to 
allow calculation a Seattle Heart Failure Score. Baseline ECG and Holter monitoring 
are obtained to assess for arrhythmias. Cardiac MRI is strongly preferred to identify 
fibrosis and scarring via late gadolinium enhancement in addition to basic cardiac 
structure and function. In patients unable to complete a cardiac MRI, we recommend 
an echocardiogram with 3D assessment to allow more accurate measurement of cham-
ber volumes. Strain imaging, a more sensitive measure of systolic function, can be 
informative but is not routinely completed by most echocardiography laboratories.

Essentially all patients with Duchenne muscular dystrophy will have cardiac 
manifestations by adulthood. Preclinical disease, typically an abnormal ECG, first 
presents before age 10 and then progresses [23]. Most common are right bundle 
branch block and repolarization abnormalities (50–60%), q waves (inferior and lat-
eral) (~35%), wide QRS (~25%), and PR prolongation (~20%) [1, 24, 25]. Late 
gadolinium enhancement, typically involving the free wall of the left ventricle, pre-
cedes the development of systolic dysfunction, and is present in 60–70% of adults 
based on small patient series [26, 27]. Approximately 85% of patients with systolic 
dysfunction have +LGE. Dilated cardiomyopathy is most common (~3/4) with the 
remainder having hypertrophic cardiomyopathy [25]. Systolic dysfunction develops 
last and is present in approximately half of adults with DMD. Most patients will 
follow a continuum from ECG abnormalities only to hypertrophic cardiomyopathy 
and ultimately dilated cardiomyopathy [1].

Of note, the combination of systolic dysfunction and transmural fibrosis predicts 
adverse events in DMD/BMD. An impaired LV systolic function (LVEF ≤ 55%) 
and a “transmural” pattern of myocardial fibrosis independently predict the occur-
rence of adverse cardiac events in DMD/BMD patients. Even in DMD/BMD 
patients with relatively preserved LV-EF (55%), the simple and visually assessable 
parameter “transmural LGE” is of additive prognostic value [26].

Fig. 16.2 ECG in DMD. Abnormal Q-waves in lateral (I & aVL), inferior (II, III, aVF) and apical 
(V5-6) leads. Abnormally tall R-waves in right precordial leads (V1-2). Widespread repolarization 
changes in chest leads
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Thousands of mutations causing Duchenne Muscular dystrophy have been iden-
tified. The vast majority, approximately 3/4, are exon deletions or duplications. The 
remaining quarter of mutations are point mutations [28]. Several studies have 
assessed whether genotype/phenotype relationships in Duchenne Muscular dystro-
phy with mixed conclusions. The first study published suggested that mutations in 
early (12, 14–17) and later (31–42) exons were associated with dilated cardiomy-
opathy (LV EF < 55 or LV dilation) [29]. A larger cohort analysis (n = 274 patients) 
from the same group was published 10  years later suggesting that patients with 
distal mutations were less likely to exhibit decreased ejection fraction or the pres-
ence of late gadolinium enhancement [30]. Other studies have not observed differ-
ences in mutation type or location and cardiac involvement. In one study of 205 
patients from 184 families, dystrophin mutations were grouped by type (deletion, 
duplication, point mutation) and location (proximal or distal to exon 45). No cor-
relation was present between mutation type or location and the age of onset for 
cardiac disease [31]. Ejection fraction was likewise not different based on mutation 
type. Similar data was observed in a third study where dystrophin mutations from 
124 patients did not demonstrate that certain types or locations of mutations were 
associated with more severe cardiac phenotypes [32].

Current medical therapy for cardiomyopathy in Duchenne patients is derived 
from several small (in comparison to modern trials in adult cardiology) clinical tri-
als coupled with established chronic heart failure regimens (See Table  16.1). 
Angiotensin-converting enzyme (ACEi) inhibitors are considered first line therapy 
based a multicenter double-blind, placebo controlled trial where approximately 60 
children with normal baseline cardiac function were randomized to perindopril or 
placebo and treated for 3 years [33]. In the second phase of the trial, open label 
perindopril was given to all participants for an additional 24 months. The primary 
endpoints of the original trial were a drop in EF and the number of patients with 
LVEF < 45%. After 60 months, patients randomized to perindopril exhibited delayed 
onset to LV dysfunction (LVEF < 45%) although the mean EF was not different 
between treatment groups. More importantly, overall survival after 10 years was 
higher in those treated with perindopril compared to placebo (93% vs 66%, respec-
tively) [34]. Further support of ACEi therapy was provided in a recently published 
trial which randomized patients with Duchenne or Becker muscular dystrophy with 
normal LVEF (>55%) and myocardial fibrosis on cardiac MRI to enalopril or pla-
cebo [35]. Treatment with enalopril slowed the progression of myocardial fibrosis, 
and fibrosis was associated with increased cardiovascular events.

Another promising therapy for Duchenne muscular therapy is aldosterone recep-
tor blockade. Addition of ARB to medical therapy in chronic heart failure results in 
substantially reduced mortality and morbidity. A small randomized, double-blind, 
placebo-controlled multicenter trial of approximately 40 patients demonstrated ben-
efit of ARB therapy added to ACEi [36]. Duchenne boys with normal EF and late 
gadolinium enhancement by cardiac MRI were randomized to eplerenone or pla-
cebo in addition to standard therapy with ACEi (or ARB). The primary outcome was 
change in left ventricular circumferential strain, a more sensitive marker of systolic 
function than ejection fraction, and EF. While systolic function declined in both 
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Table 16.1 Summary of clinical therapy studies in muscular dystrophy

Drug Trial design N Result Reference
Perindopril Double 

blind, 
placebo 
controlled

N = 57 DMD Early treatment with ACEi 
delayed decline in LV 
systolic function and 
improved survival at 
10 years

[33, 34]
Age 10–13
Normal EF
ACEi vs placebo

Enalopril Randomized, 
not blinded

N = 42 DMD or 
BMD

ACEi therapy slowed 
progression of myocardial 
fibrosis. Fibrosis was 
associated with CV events

[35]

Mean age 12 years
EF > 50%, +fibrosis
ACEi vs placebo

Steroids Cohort study N = 86 DMD Steroid therapy was 
associated with reduced 
mortality and reduced 
onset of cardiomyopathy

[40, 41]
Mean age 9 years
Mean EF 58%
Steroids vs none

Eplerenone Double 
blind, 
placebo 
controlled

N = 42 DMD Eplerenone preserved LV 
systolic function as 
measured by LV strain

[36]
Mean age 14.5 years
EF > 45%, +fibrosis
ACEi vs placebo

Carvedilol Prospective, 
self-selected 
groups

N = 54 DMD Use of BB resulted in 
improved survival, fewer 
arrhythmias, and less 
cardiac decline

[39]
Age 11–35
EF < 50, on ACEi
Self-selected BB use

Lisinopril 
and 
metoprolol

Cohort study N = 42 DMD No difference in EF 
between group with ACEi 
vs ACEi + BB

[38]
Mean age 14 years
ACEi once EF < 55
BB once HR > 100

treatment groups, treatment with epleronone resulted in significantly less systolic 
decline as measure by circumferential strain and EF.

Beta blocker therapy is recommended as outlined by chronic congestive heart 
failure guidelines although data supporting beta blocker therapy specifically in 
Duchenne muscular dystrophy remains is limited. No placebo controlled trials 
assessing beta blocker therapy in Duchenne muscular dystrophy exist. While small 
studies with patients treated with both ACE inhibitors and beta blockers demon-
strate improved survival and remodeling, more recent work comparing patients on 
ACE inhibitors with and without beta blocker therapy did not demonstrate benefit 
from the addition of beta blockade [37, 38]. Improvement in EF was similar 
between groups treated with ACEi versus ACEi plus beta blocker (started once 
resting HR exceeded 100 beats per minute). One small open trial allowed Duchenne 
patients (n  =  54 total) with depressed systolic function (EF  <  50%) already on 
ACEi therapy were allowed to choose whether or not to receive carvedilol [39]. 
Patients treated with carvedilol exhibited significantly fewer cardiac events (death, 
severe arrhythmia or declining heart failure), although interpretation is limited by 
lack of randomization and blinding.
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Corticosteroid therapy in childhood is supported based on restrospective analysis 
[40, 41]. Children treated with corticosteroids prior to onset of LV dysfunction 
exhibited less decline in LV systolic function than similar children not given ste-
roids. Furthermore, a more recent cohort study comparing treatment of Duchenne 
patients with ACEi with or without steroids demonstrated higher overall survival in 
the steroid treatment cohort. In addition, steroid therapy added to ACEi significantly 
delayed the onset and development of cardiomyopathy. It should be noted that 
patients receiving steroid therapy were also started on ACEi therapy sooner than 
patients without steroids [41]. The mortality benefit from ACEi therapy alone is 
documented above [34]. How much of the observed mortality benefit in these obser-
vational studies is due to earlier initiation of ACEi therapy is not clear.

The cardiac implications of new experimental strategies including exon-skipping 
and nonsense mutation read-through therapies, enhanced utrophin expression, and 
phosphodiesterase 5 inhibitors are currently not known although trials in various 
phases are ongoing.

Current treatment guidelines for adults with Duchenne muscular dystrophy are 
basic, and as a result significant treatment variation exists between centers (See 
Table 16.2). Yearly assessments of systolic function are recommended after age 10. 
ACE inhibitors are considered first line therapy and should be initiated prior to the 
development of systolic dysfunction. Beta blockers and diuretics can be initiated 
based on general heart failure guidelines, while other medical therapies including 
aldosterone receptor blockade are not discussed. Symptoms consistent with arrhyth-
mia such as palpitations should be assessed with Holter and/or event monitors.

We have established an algorithm to evaluate and treat patients with muscular 
dystrophy (See Table 16.3). A complete panel of labwork sufficient to calculate a 
Seattle Heart Failure score is obtained at the initiation visit and yearly thereafter. An 
ECG and Holter monitor is obtained to assess for arrhythmias. If normal, ECGs are 
obtained on an annual basis with additional Holter monitoring completed if and 
when new symptoms arise. Cardiac MRI is the preferred methodology of assessing 
cardiac structure and function given the added ability to assess for late gadolinium 
enhancement suggesting of scarring and fibrosis. Patients unable to complete a car-
diac MRI undergo 3-D echocardiogram.

Based on the initial workup, an individualized treatment plan is developed. ACE 
inhibitors are initiated in all patients with Duchenne muscular dystrophy regardless 
of ejection fraction as long as blood pressure tolerates. Patients with evidence of late 
gadolinium enhancement on cardiac MRI are started on aldosterone antagonists. 
Beta blockade is reserved for patients with systolic dysfunction or sinus tachycar-
dia. All medications are titrated to maximally tolerated doses consistent with chronic 
heart failure guidelines. ICD and CRT therapy is considered for patients meeting 
established criteria (EF  <  35% for ICD therapy, QRS >150  ms with LBBB for 
CRT).

The likelihood of arrhythmic disease correlates with the severity of cardiomy-
opathy in most patients with Duchenne (and other dystrophin mutations). 
Requirement for permanent pacemaker placement is rare. ICD implantation is con-
troversial, and when done should be in accordance with the patient’s wishes and 
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established CHF guidelines (i.e. systolic dysfunction with LVEF <35% despite 
maximal medical therapy or after documentation of severe ventricular arrhythmias 
such as sustained ventricular tachycardia).

16.3.2  Becker Muscular Dystrophy

The presence of residual dystrophin expression distinguishes Becker Muscular dys-
trophy patients from those with Duchenne [1, 20, 42]. Available reports suggest that 
the distribution of genotypes in Becker Muscular dystrophy is similar to Duchenne 
although this may reflect mild selection bias. Nearly all studies assessing genotype 

Table 16.2 Summary of published recommendations for patients with muscular dystrophy [3, 5, 
23, 51, 59, 60]

Duchenne muscular dystrophy
    •  Complete a baseline assessment of cardiac function (ECG, echocardiogram) at diagnosis 

or before age 6. Repeat cardiac assessments should be done at least yearly after age 10
    •  Signs or symptoms of arrhythmia should be investigated by Holter or event monitor.
    • Early referral to cardiology for management
    • Start ACE inhibitor therapy prior to evidence of cardiac dysfunction, preferably by age 10
    •  Beta blocker and mineralocorticoid receptor blockade therapy should be initiated per 

chronic heart failure guidelines
Becker muscular dystrophy
    •  Complete a baseline cardiac evaluation (ECG, echocardiogram) at diagnosis and every 

2–5 years thereafter
    •  No specific recommendations regarding medical therapy beyond that recommended by 

chronic heart failure guidelines
Female carriers of dystrophin mutations
    •  Complete a baseline cardiac evaluation (ECG, echocardiogram) at diagnosis or in early 

adulthood (age 25–30) after the age of 16. Screen every 5 years thereafter
Limb-girdle muscular dystrophy
    •  For patients with variants known to have cardiac involvement, patients should undergo an 

ECG and echocardiogram or cardiac MRI
    •  Patients with an abnormality on cardiac testing (ECG, echocardiogram, or cardiac MRI) or 

symptoms of syncope, presyncope or palpitations should receive a Holter or event monitor 
to evaluate for arrhythmias

    •  Cardiology referral for patients with abnormal cardiac findings or symptoms suggestive of 
arrhythmia

    •  Permanent pacemaker may be considered for patients with any degree of atrioventricular 
block, regardless of symptoms

    •  Permanent pacemaker may be considered for patients with any degree of bifascicular 
block, regardless of symptoms

Congenital myopathy
    •  For patients with variants known to have cardiac involvement, patients should be closely 

followed for cardiac involvement
    •  An echocardiogram and ECG is recommended at diagnosis, prior to surgery, and when 

clinically indicated
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are part of larger studies which include patients with Duchenne muscular dystrophy, 
and Becker patients with a more severe phenotype and therefore earlier presentation 
may have been included. Exon deletion and duplications are present in over 75% of 
patients, and deletion of exons 45–47 and 45–48 account for one third of Becker 
muscular dystrophy [28, 31]. Most important though is the impact on the mRNA 
reading frame. Patients with Becker muscular dystrophy are far more likely to have 
in-frame mutations thereby allowing at least some dystrophin expression. While 
frameshift and nonsense mutations are present in >75% of Duchenne patients, they 
account for approximately 50% of Becker patients.

Patients with Becker muscular dystrophy have a much broader range of pheno-
types. Cardiomyopathy can develop at any point, and often does not correlate with 
skeletal muscle symptoms [1]. Genotype/phenotype correlation studies suggest that 
proximal mutations (proximal to exon 45), and specifically those in the N-terminal 
and rod domains, have a more severe cardiac phenotype [31]. Deletion mutations 
were also more severe than duplications.

The majority have patients with Becker muscular dystrophy will have an abnormal 
ECG (wide QRS, bundle branch block, or R > S in V1). Arrhythmias including supra-
ventricular tachycardia and nonsustained ventricular tachycardia are present in ~20% 
and ~15%, respectively [43]. LV dysfunction or dilation occurs in 25–50%, usually in 
early adulthood (mean age 29) [31]. As with Duchenne, cardiac disease is progressive.

Table 16.3 Contemporary workup and management of muscular dystrophy

Initial assessment
    1. Complete history and physical exam
    2.  Baseline blood work including complete blood count with differential, complete 

metabolic panel, pro-BNP, thyroid function studies, total CK, CK-MB, troponin, full lipid 
profile, uric acid level, hemoglobin A1c

    3. Complete a 6 min walk test today to assess the submaximal exercise capacity
    4. Baseline ECG and 24 h Holter monitor to assess for arrhythmias
    5.  Cardiac MRI with gadolinium to assess cardiac function & structure. 

3D-echocardiograms are preferred in patients unable to undergo a cardiac MRI
    6.  Pursue genetic diagnosis for patients with variable cardiac involvement (LGMD, 

congenital myopathy)
Subsequent encounter(s) for potential medical therapy
    •  Initial choice of therapy is based on systolic function and presence of myocardial fibrosis 

on cardiac MRI
           Normal EF → (−) myocardial fibrosis → start ACEi therapy
                          (+) myocardial fibrosis → start ACEi and aldosterone blockade therapy
           Depressed EF → (−) myocardial fibrosis → start ACEi and BB therapy
                               (+) myocardial fibrosis → start ACEi, BB and aldosterone blockade therapy
    • Uptitrate medical therapy to maximally tolerated doses
    •  Obtain an ECG and 6 min walk submaximal exercise test yearly. Holter and/or event 

monitors are obtained if new symptoms suggestive of arrhythmias arise.
    •  Repeat cardiac after imaging after patient is on maximal medical therapy or at least 1 year 

of therapy
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The treatment of cardiovascular disease in Becker muscular dystrophy has not 
been well studied in randomized trials, as treatment trials in muscular dystrophy 
patients have focused on patients with Duchenne muscular dystrophy. Because 
mutations in dystrophin result in both Duchenne and Becker muscular dystrophy, 
our approach is to treat Becker patients as we would Duchenne (See Table 16.3).

Albeit limited, advanced heart failure therapies have been utilized for the manage-
ment of cardiomyopathy secondary to neuromuscular disease and Becker Muscular 
dystrophy specifically. A recent review of the Cardiac Transplant Research Database 
revealed 29 with muscular dystrophy patients (approximately half with Becker’s 
Muscular Dystrophy) who received a heart transplant [44]. Overall survival at 1 and 
5 years was similar compared to a matched cohort of heart transplant patients due to 
nonischemic cardiomyopathy. Left ventricular assist devices (LVAD) have been 
implanted in selected cases [45]. A review of Interagency Registry of Mechanical 
Circulatory Support (INTERMACS) found 10 cases of LVAD implantation includ-
ing 7 patients with Becker muscular dystrophy [46]. While a very small cohort, over-
all survival and outcomes were similar to patients with dilated cardiomyopathy.

16.3.3  Female Carriers of Dystrophin Mutations

The clinical significance of dystrophin mutations in female carriers is under- 
recognized. The common understanding is that expression of dystrophin from the 
woman’s normal copy is sufficient to prevent clinical symptoms, and in some cases 
this is true. Animal studies suggest 50% expression of dystrophin is enough to pre-
vent cardiomyopathy [22]. However it is likewise true that a significant proportion 
of female carriers of dystrophin mutations will have cardiac manifestations [1, 47]. 
The underlying pathologic mechanism is thought to be skewed X-inactivation. To 
prevent overexpression, one of the X chromosomes in women is transcriptionally 
silenced, becoming the so called Barr body. Female carriers of dystrophin mutations 
thus have two distinct cell populations, one producing normal dystrophin and the 
other with mutated or absent dystrophin which in aggregate result in reduced dys-
trophin expression [48]. Skewing of X-inactivation thereby altering the amount of 
normal dystrophin expressed is thought to explain the observed clinical differences 
among this patient group [49].

The largest case series detailing cardiac manifestations in female carriers of 
dystrophin mutations includes approximately 200 women (~3/4 Duchenne and 1/4 
Becker) between the ages of 5–69 years of which 164 were >16 years of age [47]. 
Patients were categorized as normal, preclinical (ECG abnormalities with normal 
or borderline systolic function), hypertrophic, arrhythmias, and dilated cardiomy-
opathy. Consistent with observations from men, cardiac disease progressed with 
age. By adulthood (age > 16 years), only 10% had no evidence of cardiac disease. 
The vast majority of women exhibited either preclinical (~45%) or hypertrophic 
(~30%) cardiac manifestations with no clear difference between Duchenne or 
Becker mutations. In a smaller case series of 25 Duchenne and 10 Becker carriers 
(median age 48 and 52 for Duchenne and Becker, respectively) utilizing cardiac 
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MRI, conclusions were slightly different [50]. While ECG abnormalities were only 
present in 6 of 25 Duchenne carriers, 18 of 25 exhibited delayed gadolinium 
enhancement and 10 of 25 had LV systolic dysfunction (average LVEF 45%). In 
contrast to the earlier case series, cardiac disease was less severe in Becker carri-
ers. In the 10 Becker carriers, 2 exhibited ECG abnormalities, 5 delayed gadolin-
ium enhancement and none had systolic dysfunction. The observation of increased 
cardiac involvement with age was again confirmed.

Limited direction regarding the management of female carriers of dystrophin 
mutations is available (See Table 16.2). The American Academy of Pediatrics rec-
ommends the carriers undergo an evaluation by a cardiologist with expertise in neu-
romuscular cardiomyopathy in early adulthood, with further cardiac screening 
every 5 years. Cardiac disease when present should be treated similarly to men with 
Duchenne or Becker muscular dystrophy [51].

16.4  Limb-Girdle Muscular Dystrophy

Limb-Girdle Muscular Dystrophy (LGMD) is a muscular dystrophy affecting the 
muscles of the shoulders and hips. LGMD can be inherited in both autosomal domi-
nant (type 1) and autosomal recessive (type 2) patterns, and mutations in several 
genes result in the common phenotype of LGMD [3, 43, 52]. Mutations in myotilin 
(LGMD1A), lamin A/C (LGMD1B), caveolin-3 (LGMD1C), desmin (LGMD1E), 
the sarcoglycan protein family (LGMD2C-F), and titin (LGMD2J) are representa-
tive, and all result in the common muscular phenotype of LGMD.

Cardiac involvement in LGMD is gene specific and variable [52]. Some LGMD 
variants such as the sarcoglycan mutations can exhibit significant cardiac involve-
ment while others have little reported clinical impact. LGMD variants with known 
cardiac involvement include LGMD1A (myotillin), LGMD1B (lamin), LGMD1D 
(DnaJ homolog subfamily B member 6), LGMD1E (desmin), and several LGMD2 
variants (calpain-3, dysferlin, the sarcoglycans, telethonin, tripartite motif contain-
ing 32, titin, fukutin related protein, protein-O-mannosyl transferase 1, fukutin, 
protein-O-mannosyl transferase 2, protein O-linked mannose beta1,2-N- 
acetylglucosaminyl transferase, and dystroglycan). Of these, cardiac manifestations 
are typically most severe in patients with LGMD1B (lamin), LGMD2C-F (sarco-
glycans), and LGMD2I (fukutin related protein) [3]. Of note, desmin (LGMD1E) 
mutations are a known cause of myofibrillar myopathy, often presenting with ven-
tricular arrhythmias and cardiomyopathy.

Until the recent publication of the Italian LGMD registry experience (~400 
patients), nearly all available data was from small case series and single centers [53]. 
Lamin mutations (LGMD1B) result in significant arrhythmias, with essentially all 
patients being affected. In the Italian registry experience, half required defibrillator 
placement with 3 of 13 ultimately undergoing heart transplant. Similar conclusions 
were made from a meta-analysis of lamin mutation carriers (both LGMD1B and 
Emery Dreyfus muscular dystrophy patients were included) [54]. Conduction dis-
ease precedes structural changes to the ventricle (usually dilation followed by 
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systolic dysfunction) [55]. Pacemaker placement is common with 1/3 of patients 
undergoing placement, but importantly this did not alter the impact of sudden death. 
Death is sudden in nearly half of patients, and notably does not correlate with dilated 
cardiomyopathy or pacemaker placement, and pacemaker placement does not elimi-
nate the risk of sudden death. Importantly, cardiac involvement preceded skeletal 
muscle symptoms in the majority.

Sarcoglycan mutations cause cardiac disease is comparable to that from dystro-
phin mutations (especially for LGMD2E) [43]. Cardiac disease typically presents in 
early adulthood, and will be present in approximately one third (Italian registry). In 
LGMD2E, most develop systolic dysfunction (~80% in one small series) while con-
duction disease seems to be less frequent (~25%).

Fukutin related protein mutations lead to cardiac disease in the majority of 
patients [53, 55]. A dilated cardiomoyopathy develops most frequently, and results 
in conduction disease (~30%) and systolic dysfunction (~40%) [43]. Cardiac and 
skeletal muscle involvement are not correlated.

Given the varied cardiac involvement and severity in LGMD, identifying the 
specific genetic mutation is important and provides significant prognostic informa-
tion. We recommend an initial cardiac evaluation including ECG and cardiac MRI 
(or echocardiogram) at diagnosis or in early adulthood regardless of symptoms or 
genetic mutation. If the initial workup is normal and the mutation is known to be of 
low cardiac risk (LGMD1A, 1C, 2A, 2B, 2G, 2H, 2J) no further cardiac evaluation 
is needed unless cardiac symptoms manifest. In contrast, regular cardiac surveil-
lance is indicated for patients with LGMD1B (lamin), 2C-2F (sarcoglycans), and 2I 
(fukutin related protine).

The treatment of cardiovascular disease in LGMD has not been studied in ran-
domized trials. We follow a treatment algorithm similar to that described for dystro-
phin mutation carriers (See Table 16.3). LGMD1B patients in particular should be 
closely monitor for evidence of arrhythmias with regular ECGs and Holter/event 
monitoring, with consideration for PPM and/or ICD placement once conduction 
disease or ventricular dysrhythmias are documented. Advanced therapies including 
left ventricular assist devices and cardiac transplant is indicated in selected patients.

16.5  Congenital Muscular Dystrophy

Similar to LGMD, congenital muscular dystrophy (CMD) comprises a group of 
muscular dystrophies with the defining feature of presentation at birth [56]. 
Mutations in multiple genes result in CMD, some of which also cause LGMD 
(lamin, fukutin, and fukutin related protein). Cardiac involvement and severity in 
CMD is variable, like LGMD, and depends on the specific genetic mutation. What 
is known is based on small case series, and as CMD is a pediatric disease by defini-
tion much of the reporting is in children and not adults.

Mutations in the collagen VI (Ullrich and Bethlem CMD) and integrin seem to 
have little if any cardiac manifestations. Merosin-deficient CMD is the most common 
subtype with approximately one third of children exhibiting exhibit cardiac involve-
ment and ECG abnormalities, dilated cardiomyopathy and systolic dysfunction have 
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been reported [56, 57]. Cardiac involvement in CMD appears most common in 
patients with a dystroglycanopathy, and specifically those with fukutin mutations. 
Reduced systolic function is present in nearly all patients who reach adulthood, and 
heart failure has been identified as the cause of death in at least a fraction of patients. 
Dystroglycanopathy due to protein O-mannosyltransferase-2 (POMT2) mutations has 
also been reported have significant cardiac involvement with systolic dysfunction and 
dilated aortic root [58]. Mutations in lamin A/C can also cause a congenital form of 
LGMD1B, and are associated with arrhythmias similar to the adult-onset disease.

Given the heterogeneity of CMD, identifying the specific genetic mutation is again 
important and provides significant prognostic information. We recommend an initial 
cardiac evaluation including ECG, Holter and cardiac MRI (or echocardiogram) at 
diagnosis or in early adulthood regardless of symptoms or genetic mutation. Patients 
with CMD subtypes (specifically those mutations in merosin, fukutin, and lamin A/C) 
with known potential for cardiac involvement should undergo regular screening.

The treatment of cardiovascular disease in CMD has not been studied in random-
ized trials. We follow a treatment algorithm similar to that described for dystrophin 
mutation carriers (See Table 16.3).

16.6  Summary

Cardiac disease is common and often underappreciated in patients with muscular 
dystrophy. Advances in supportive therapies have led to improved outcomes such 
that cardiac disease is now a major cause of morbidity and mortality, especially in 
patients with dystrophin mutations. Mutations in dystrophin reduce protein expres-
sion and results in DMD (complete loss of dystrophin) and BMD (decreased expres-
sion of dystrophin). Cardiac disease is progressive, and early referral to cardiology 
facilitates risk stratification. Imaging with cardiac MRI is particularly useful, pro-
viding detailed structural assessment and identifying myocardial fibrosis which is 
often present prior to systolic dysfunction. ACEi therapy in particular should be 
started prior to the onset of cardiac dysfunction, and leads to improved survival in 
treated patients. Female carriers of dystrophin mutations are also at risk for cardiac 
disease, and should be screened and followed closely. In other muscular dystrophies 
including LGMD and CMD, cardiac involvement is variable and depends on the 
specific genetic mutation. As such, pursuit of a genetic diagnosis is recommended 
as this provides important prognostic information. Finally, advanced cardiac thera-
pies including heart transplantation and left ventricular assist devices should be 
considered in carefully selected patients.
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Abstract
Amyloid heart disease is one of the most frequent types of cardiomyopathy with 
restrictive pathophysiology. The familial amyloidoses constitute an extremely 
heterogeneous group of diseases. The form linked to transthyretin (TTR) muta-
tions is by far the most common variety of familial amyloidosis. The clinical 
picture is non-specific with progressive chronic heart failure. A definitive diag-
nosis can readily be made from cardiac histopathology with evidence of amyloid 
deposits in other tissues. However, amyloid heart disease remains underdiag-
nosed. Advances in cardiac imaging have resulted in greater recognition of car-
diac amyloidosis in everyday clinical practice, but the diagnosis continues to be 
made in patients with late-stage disease, suggesting that more needs to be done 
to improve awareness of its clinical manifestations and the potential of therapeu-
tic intervention to improve prognosis. The electrocardiographic and echocardio-
graphic findings are often misleading and indistinguishable from other cardiac 
conditions including hypertrophic cardiomyopathy and coronary artery disease. 
In most cases, since the clinical manifestations of systemic amyloidosis are man-
ifold, patients may be referred to any one of a variety of specialists (especially 
hematologists, nephrologists and neurologists) without necessarily referred to 
the cardiologist. For patients with transthyretin amyloidosis, there are numerous 
disease modifying therapies that are currently in late-phase clinical trials.
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17.1  Introduction

Amyloid heart disease is one of the most frequent types of cardiomyopathy with 
restrictive pathophysiology. The clinical picture is non-specific with progressive 
chronic heart failure. A definitive diagnosis can readily be made from cardiac histo-
pathology with evidence of amyloid deposits in other tissues. However, amyloid heart 
disease remains underdiagnosed. The electrocardiographic and echocardiographic 
findings are often misleading and indistinguishable from other cardiac conditions 
including hypertrophic cardiomyopathy and coronary artery disease. In most cases, 
since the clinical manifestations of systemic amyloidosis are manifold, patients may 
be referred to any one of a variety of specialists (especially hematologists, nephrolo-
gists and neurologists) without necessarily referred to the cardiologist.

The familial amyloidoses constitute an extremely heterogeneous group of dis-
eases. The form linked to transthyretin (TTR) mutations (conventionally abbreviated 
as ATTR) is by far the most common variety of familial amyloidosis. This chapter 
provides an overview of current knowledge regarding the pathogenesis, diagnosis 
and treatment of familial amyloid heart disease in general, and of ATTR- related car-
diomyopathy in particular. The cardiac involvement in ATTR is considered within 
the context of the broader spectrum of clinical manifestations of the disease. The 
section dedicated to therapy is addressed separately related to questions of general 
supportive care, liver transplantation (including combined heart- liver transplanta-
tion), and the current state of pharmacologic treatment. The chapter concludes with 
a brief summary on the clinical aspects of non-TTR related cardiac amyloidoses.

17.2  The Amyloidogenic Process

The term amyloidosis refers to a large group of disorders caused by the extracellular 
deposition of insoluble amyloid fibrils composed of abnormally folded proteins. 
These disorders can affect probably around 21 proteins [1, 2], but the fibrillary 
deposits share distinctive structural and tinctorial properties, particularly an amor-
phous eosinophilic appearance under light microscopy using routine histological 
stains; “apple-green” birefringence after Congo-red staining under a polarized light 
microscope (Fig. 17.1); presence of rigid non-branching fibrils 7.5–10 nm in diam-
eter on electron microscopy; and a predominantly antiparallel β-sheet secondary 
structure visible under infrared and X-ray diffraction [1, 2].
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The mechanisms by which different monomers with different biomechanical 
properties bind together to form regular amyloid fibrils is not understood, but three 
pathophysiologic steps in amyloid formation are recognised: (1) a peculiar short 
aminoacid sequence within the precursor protein; (2) an adequate supply of an amy-
loid precursor protein to allow deposition; (3) a slow but constant turnover of the 
resulting amyloid deposits [2–4]. The primary structure of fibril precursor proteins 
is undoubtedly a major determinant of their amyloidogenicity, but it is possible that 
any protein is intrinsically capable of producing amyloid fibrils in the presence of 
particular conditions [2–4]. There are several ways in which potentially pathogenic 
mis-folded proteins can form. The protein may have an intrinsic propensity to 
assume a pathologic conformation during ageing (e.g. transthyretin (TTR) in sys-
temic senile amyloidosis) or at persistently high concentrations in serum (β2 micro-
globulin in patients undergoing long-term hemodialysis). Another mechanism 
involves the replacement of a single amino acid in the protein, such as in hereditary 
amyloidosis. A third mechanism stems from proteolytic remodelling of the protein 
precursor, as in the case of β-amyloid precursor protein in Alzheimer’s disease. 
These mechanisms can act independently or in conjunction with (and in addition to) 
the intrinsic amyloidogenic potential of the pathogenic protein. Other factors may 
act synergistically in amyloid deposition. For example, the protein precursor must 
reach a critical local concentration to trigger fibril formation, a process enhanced by 
local environmental factors and by interactions with extracellular matrices. Some 
peptides are highly fibrillogenic at high concentrations, while others are normally 
incorporated in larger protein precursors and become available for fibril formation 
only after proteolytic cleavage, such as the Aβ-peptide in Alzheimer’s disease [3].

Fig. 17.1 Characteristic histological findings in the myocardium of a patient with amyloidotic 
cardiomyopathy. The amyloid deposits (pale pink with hematoxylin and eosinstaining) diffusely 
infiltrate the myocardial tissue, anatomically and functionally separating the cells from one 
another. The typical apple-green appearance (inset) can be seen at Congo red staining under polar-
ized light. (photograph kindly provided by Dr. Ornella Leone)
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In the case of TTR protein, evidence suggests that under particular conditions 
(including pH, ionic strength, and protein concentration), its native structure can be 
destabilised by amyloidogenic mutations. Such protein mutations induce conforma-
tional changes leading to dissociation of the TTR tetramers into partially unfolded 
non-native monomers capable of forming high molecular-mass soluble aggregates 
and self-assembling into amyloid fibrils (Fig. 17.2) [4].

17.3  Mechanisms of Amyloid Induced Tissue Damage

Amyloid can cause organ and tissue damage in several ways. A major factor is the 
replacement of normal tissue by amyloid, leading to loss of the organ’s mechanical 
function. However, infiltration cannot by itself completely explain the spectrum of 
clinical, instrumental and biological manifestations of amyloid diseases. For 
instance, it has been observed that similar or lesser amounts of cardiac amyloid 
deposits (as evaluated by echocardiography) have significantly worse functional 
and prognostic impact in patients with light chain amyloidosis than in patients with 
transthyretin amyloidosis [4, 5]. Furthermore, the amount of amyloid in an organ 
does not provide an accurate indicator of the clinical consequences of the disease. 
For example, patients with AL amyloidosis without hepatic failure may harbor 

Folding Intermediate

Newly synthesized
protein

Folded, functional protein
Normal function and metabolism

Amylold flbrlls

Toxic ollgomer

Fig. 17.2 Example of how an amyloid filament is thought to be formed. For many amyloid fibril 
proteins, the aggregation is believed to start from intermediates in the folding process, giving rise 
to a nucleus from which filament formation proceeds. There is strong evidence that oligomeric 
aggregates (also called protofibrils), which occur before mature fibrils are formed, exert toxic 
effects on cells whilst the full-blown fibrils are more inert. Amyloid fibrils usually consist of two 
or several thin filaments (indicated to the right in the figure) twisted around each other. The width 
of the definite amyloid fibril is around 10 nm. (Illustration based on data from Hou et al. [4])
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abundant protein deposits in their livers. By contrast, in ATTR small amounts of 
amyloidotic infiltration of the peripheral nerves may be accompanied by severe neu-
rologic impairment. In vitro, synthetic amyloidotic fibrils can exert lethal toxic 
effects on various cell types [6–8] always via induction of apoptosis [9]. Although 
the underlying mechanisms remain unclear, a variety of factors, including oxidative 
stress [10, 11], cell membrane destruction [12, 13], and formation of pathological 
ion channels [12, 14] have been implicated. It is now thought that cell toxicity 
largely occurs in the early stages of fibril formation. Experiments with several amy-
loid fibril proteins manufactured in vitro [13] suggest that smaller oligomeric aggre-
gates (so-called protofibrils or intermediate-sized toxic amyloid particles) are 
probably toxic whereas the mature fibrils from the same peptides may not be [15].

17.4  Classification of Amyloidosis

The modern classification of amyloidosis, proposed by the World Health 
Organization nomenclature subcommittee (Table 17.1), is based on the precursor 
protein [16]. According to this classification, the amyloid protein is designated 
“protein A” followed by a suffix (e.g. ATTR), where A stands for amyloid and the 
suffix specifies the protein (this name is also used to identify the disease). The types 
of amyloidosis are subdivided into acquired or hereditary. Amyloid distribution may 
be focal, localized or systemic. The most common form of systemic amyloidosis is 
AL (where L stands for light-chain immunoglobulin), which was formerly known 
as “primary amyloidosis”. The incidence of AL in Western countries is approxi-
mately 1 new case per 100,000 person-years [17]. Hereditary systemic amyloidoses 
are much less common; they are secondary to deposition of various proteins, includ-
ing TTR, apolipoprotein A-I and A-II, lysozyme, gelsolin, cystatin C, and 
fibrinogen A α-chain. Senile systemic amyloidosis stems from deposition of amy-
loid derived from wild-type TTR (i.e. with a normal amino acid sequence). For 
reasons that remain unclear, wild-type TTR-related amyloidosis is almost exclu-
sively a disorder of old men and mainly affects the heart.

17.5  TTR-Related Familial Amyloidosis

TTR-related familial amyloidosis (hereafter referred to as ATTR) is the most frequent 
form of hereditary systemic amyloidosis. TTR is a tetrameric plasma transport protein 
for the thyroid hormone and retinol-binding protein/vitamin A, which is synthesized 
in the liver (and in small amounts in the choroidal plexus and retinal epithelium). TTR 
is a single polypeptide chain of 127 amino acid residues encoded by a single gene on 
Chromosome 18 which spans approximately 7 kb and has four exons [3, 4].
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ATTR is inherited in an autosomal dominant fashion with balanced sex distribu-
tion and variable penetrance. Over 80 different amyloidogenic mutations have been 
identified around the world, many of which have been found in single individuals or 
families (“private mutations”) [3, 4, 18]. Most ATTR carriers are heterozygous for 
a pathogenic mutation and express both normal and variant TTR. The majority of 
TTR mutations derive from a single nucleotide substitution [4, 18]. An exception is 
the deletion of an entire 3-base codon (Val122Ile) [19, 20]. Development of the 
disease is probably the result of changes in primary structure of the protein, 

Table 17.1 Nomenclature and classification of amyloidosis

Amyloidosis Protein precursor Systemic/Localized
Clinical syndrome/
Association

AL Immunoglobulin 
light-chain (κ or λ)

S, L • Primary
• Myeloma-associated

AH Immunoglobulin 
heavy-chain

S, L • Primary
• Myeloma-associated

AA (Apo) serum AA S • Secondary
• Reactive

ATTR Transthyretin (TTR) S
L?

• Senile (TTR wild-type)
• Familial (TTR mutated)
• Tenosynovium

AApoAI Apolipoprotein-AI S • Familial
L • Aortic

AApoAII Apolipoprotein-AII S • Familial
AGel Gelsolin S • Familial
ALys Lysozyme S • Familial
AFib Fibrinogen α-chain S • Familial

ACys Cystatin C S • Familial
ABri ABriPP S

L?
•  Familial dementia 

(British)

Aβ Aβ-protein precursor 
(AβPP)

L • Alzheimer’s disease
• Ageing

APrP Prion protein L •  Spongioform 
encephalopathies

Aβ2M β2-microglobulin S • Haemodialysis
L? • Joints

ACal (Pro)calcitonin L • C-cell thyroid tumors
AIAPP Islet amyloid 

polypeptide
L • Islets of Langherans

• Insulinomas
AANF Atrial natriuretic factor L • Cardiac atria
APro Prolactin L • Ageing pituitary

• Prolactinomas
AIns Insulin L • Iatrogenic
AMed Lactadherin L • Senile aortic
Aker Kerato-epithelin L • Familial cornea
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modulated by various genetic and possibly also environmental factors (although 
present in the blood from birth, variant TTR is does not start to produce amyloid 
until adulthood) [21].

A few of the TTR mutations are found in extended kindreds in particular locations 
around the world. The most common of these is the substitution of methionine for 
valine at position 30 (Val30Met), which leads to “type I familial amyloid polyneu-
ropathy” (FAP) [22]. The Val30Met variety of ATTR amyloidosis has major geo-
graphical clusters in Portugal, Sweden and in Japan with smaller clusters in more 
than a dozen other countries [23] (Fig. 17.3). These three countries are geographi-
cally distant, and a consanguineous relationship between populations has not been 
identified. The issue of whether there is a common origin for a mutant allele has not 
been completely resolved. The hypothesis that the worldwide clusters of FAP 
(Val30Met) all originate from a mutant allele in the Portuguese kindred was based on 
historically documented commercial relations. Recently, Ohmori et  al. compared 
haplotypes in several cohorts of patients with FAP and concluded that a common 
founder could conceivably link Portuguese and Japanese patients and Portuguese and 
Spanish patients, but could not account for Swedish and other patients [24].

The prevalence of Val30Met genotype is particularly high (about 1.5%) in north-
ern Sweden, although the penetrance is only about 2% [23]. In Portugal the disease 
prevalence rate is estimated at 1  in 1000 [23]. In Japan, Val30Met families with 
early-onset neuropathy were initially identified in two limited areas (Arao district 
and Ogawa village), while a late-onset non-endemic type of Val30Met ATTR was 
reported in a wide distribution throughout the country [23]. In Sweden, in addition 

Portugal

Sweden

Japan

Fig. 17.3 Distribution of familial amyloidotic polyneuropathy (FAP) in the world. Locations of 
clusters of patients with FAP amyloidogenic mutated transthyretin Val30Met described in previous 
reports and obtained from personal communications are presented. The size of the circles is related 
to the number of patients at each location. (From Ando et al. [23] with permission)
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to the endemic foci of Val30Met, Ala45Ser and Tyr69His mutations have been 
observed [25]. The Leu111Me mutation has been reported in Denmark, were it is 
the cause of so-called familial amyloidotic cardiomyopathy (FAC) [26, 27].

The Val30Met type is the most common cause of ATTR in the UK and Ireland 
[28]. In France, a large population of Portuguese Val30Met families coexists with 
families of French descent (in these families prevalence of Val30Met is no higher 
than 40%) [29–31]. High genotypic heterogeneity is also apparent in Italy, where at 
least 15 different TTR mutations have been identified (about 35% of affected fami-
lies have Val30Met and Glu89Gln also appears to be relatively frequent [32]). 
Certain mutations are mainly observed in the USA [23, 30]. Leu58His (in families 
originating in Germany), Thr60Ala (in families of Irish descent), and Val122Ile, 
which is present in 4% of black people [19, 33]. The high prevalence of Val122Ile 
within the large Afro-American community probably makes this variety not only 
the most common familial amyloid cardiomyopathy, but perhaps also the most fre-
quent form of amyloid heart disease (including AL) [19].

17.5.1  Clinical Profiles and Genotype-Phenotype Correlations

ATTR is characterized by a high degree of phenotypic as well as genotypic hetero-
geneity. Phenotypic heterogeneity is linked to at least three different factors: (1) the 
type of TTR mutation; (2) geographic distribution; (3) the type of aggregation 
(endemic or non-endemic).

In the “classic” endemic TTR Val30Met type of FAP, prevalent in Portugal and 
Japan, the disorder is inherited as an autosomal dominant trait with balanced sex 
distribution. Sensorimotor polyneuropathy is the prominent feature. The neuropathy 
usually starts at 30–35 years of age with small-fiber dysfunction in the lower limbs 
very similar to the neuropathy of diabetes mellitus, with lack of thermal apprecia-
tion is often an early feature [18, 23]. Dysesthesias may be prominent with or with-
out varying degrees of pain. Motor function tends to be well maintained (sensory 
dissociation) until the sensory neuropathy has reached an advanced phase. Sensory 
loss in the lower extremities slowly progresses upwards from the feet and ankles to 
the knees and beyond, with similar symptoms eventually developing in the upper 
extremities. Autonomic neuropathy tends to occur relatively early and leads to 
severe orthostatic hypotension, disturbed bowel movement with constipation and 
diarrhoea, erectile dysfunction in men, bladder retention and urinary incontinence 
[18, 23]. In some men, sexual impotence is the initial clinical symptom. Nerve con-
duction studies can be a valuable tool for detecting peripheral nerve involvement.

Electrophysiological findings can help distinguish polyneuropathy from localized 
abnormalities, such as median neuropathy at the wrist (carpal tunnel syndrome). 
Serial studies can help follow the course of peripheral nerve abnormality [18, 23].

In the subgroup of Japanese and Portuguese patients with the non-endemic, 
“late-onset” Val30Met TTR mutation, autonomic dysfunction is milder, and sensory 
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loss and cardiomyopathy are more common than in early-onset cases of FAP [18, 
23]. The clinical profile of Swedish patients is different in that the average age at 
onset is the mid-1950s, penetrance at around 50%, and progression of the disease 
considerably slower than in Japanese and Portuguese patients [24, 25].

The carpal tunnel syndrome is a relatively frequent feature of ATTR irrespective of 
a particular mutation and occasionally may be the only clinical manifestation. Vocal 
hoarseness can occur due to recurrent laryngeal nerve palsy, and the “scalloped pupil” 
deformity, which is essentially pathognomonic for FAP, is due to amyloid deposition 
in ciliary nerves of the eye [18]. Vitreous opacities accompany about 20% of TTR 
mutations, and may be the first manifestation of FAP [34, 35]. TTR amyloid in the 
vitreous is probably the result of synthesis by the retinal pigment epithelium. Amyloid 
fibrils in the vitreous are predominantly (about 90–95%) composed of variant TTR, 
which is less prevalent (60–65%) in fibrils found in nerve and cardiac tissue [18].

In a characteristic, oculoleptomeningeal form of FAP, that can be induced by 
several TTR mutations, cerebral amyloid angiopathy and ocular amyloidosis are 
common [34]. Cerebral amyloid angiopathy is characterized by amyloid deposi-
tion in the cortex and leptomeninges [18, 34]. Typical clinical central nervous sys-
tem manifestations include stroke, seizures, hydrocephalus, spastic paralysis, 
spinal cord infarction or, later, cerebral hemorrhage [18, 34]. Although amyloid 
deposits in the meningocerebrovascular system were thought to be the cause of 
central nervous system symptoms, the precise mechanism of amyloid formation 
remains to be elucidated. Renal involvement is generally not a feature of trans-
thyretin-associated cardiac amyloidosis.

17.5.2  Amyloidotic Cardiac Involvement

Amyloid can infiltrate various cardiovascular structures, including the conduction 
system, the atrial and ventricular myocardium, valvular tissue, the coronary arteries 
and the large arteries [1, 2, 36–39]. The conduction system is commonly affected in 
cardiac amyloidosis, leading to sino-atrial node disease, atrial fibrillation, atrioven-
tricular and bundle branch block, and ventricular tachycardia. Myocardial infiltra-
tion progressively increases the thickness of left and right ventricular walls and of 
the interatrial septum (Fig. 17.4). Involvement of cardiac valves leads to formation 
of nodules or diffuse thickening of the leaflets accompanied by a variable degree 
(generally mild) of valvular regurgitation. Deposition in the coronary arteries most 
frequently involves intramural arteries and may lead to myocardial ischemia in spite 
of angiographically normal epicardial vessels.

Cardiac amyloidosis (CA) is generally considered to be a myocardial disease with 
“hypertrophic phenotype” and restrictive physiology that leads to diastolic heart failure 
[40, 41]. However, any representative cohort of patients with amyloid heart disease will 
display a spectrum of diastolic filling abnormalities, with the restrictive pattern seen 
only in advanced stages of the disease. The left ventricular filling pattern generally 
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evolves from an abnormal relaxation pattern, through a pseudonormal phase, to a 
restrictive pattern [36, 40]. Left ventricular systolic function can be impaired in patients 
with overt heart failure, although the left ventricular ejection fraction is often only 
mildly reduced (without left ventricular enlargement). Abnormalities in long axis func-
tion of both ventricles (detectable at tissue Doppler echocardiography) are frequent and 
appear earlier. [40–43]. Microvascular amyloidotic coronary infiltration can occur even 
in the absence of ventricular wall thickening, and may lead to systolic/diastolic “isch-
emic” dysfunction in the context of a dilated non-hypertrophic left ventricle. This pre-
sentation of amyloidosis is rare, probably being found in less than 1–2% of patients 
with cardiac involvement [36, 44].

17.5.3  Prevalence and Clinical Spectrum of Cardiac Involvement 
in ATTR

In ATTR, the frequency and type of cardiac involvement is related to the specific 
TTR mutation, geographic area (Portugal, Japan, Sweden, other countries), and 
endemic/non-endemic aggregation. Severity of cardiac involvement ranges widely 
from asymptomatic atrioventricular and bundle branch blocks to severe, rapidly 
progressive heart failure secondary to restrictive cardiomyopathy.

As a general rule, patients with the Val30Met mutation who come from endemic 
foci tend to have less severe heart involvement in comparison with individuals 
who carry the same mutation but come from a non-endemic area or have mutations 
other than Val30Met [23, 37, 38, 45]. In endemic areas of Portugal and Japan, 

Fig. 17.4 Macrosopic cross-section at the mid-ventricular level of a heart explanted from an 
ATTR patient during combined heart-liver transplantation. The amyloid (pale pink with hematoxy-
lin and eosin staining) has diffusely infiltrated the myocardium, and in many areas has completely 
replaced the normal myocardial tissue (photograph kindly provided by Dr. Ornella Leone)
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conduction disturbances are the single most frequent form of cardiac involvement, 
whereas congestive heart failure due to amyloidotic cardiomyopathy is a rare, age-
related manifestation. Patients in non-endemic areas of the same countries are 
more prone to develop severe cardiac amyloidosis [23, 37, 38]. Elsewhere, the 
likelihood and severity of cardiomyopathy varies with the type of mutation. 
TTR-CA may be due to specific mutations that have a predominant involvement of 
the heart (Val122Ile, Leu111Met, Ile68Leu) or ATTRwt. Ile68Leu and Leu111Met 
are mutations reported almost exclusively in Italy and Denmark, respectively, 
causing a severe cardiomyopathy at early age with a malignant course. In the US, 
ATTRwt followed by Val122Ile and Thr60Ala mutations are most common. In an 
Italian setting, a broad spectrum of cardiac abnormalities was observed (Fig. 17.5), 
with prevalence ranging from 24% for cardiomyopathies with restrictive physiol-
ogy to 80% for any type of ECG abnormality [32]. Remarkably, cardiomyopathy 
of varying degrees of severity was found in the context of all but one of the TTR 
mutations encountered in this specialist center. Notably, in many non-Val30Met 
mutations, amyloidotic cardiomyopathy was the predominant or the exclusive 
clinical manifestation of ATTR (Table 17.2). In some of these mutations, neuro-
logical manifestations can be mild or absent with low penetrance, thereby 
simulating sporadic forms of non- ATTR amyloidotic cardiomyopathy, or even 
hypertrophic cardiomyopathy caused by sarcomeric protein gene mutations.

Cardiac involvement in the overall study population

Abnormal ECG

Cardiomyopathy

LV ejection fraction < 50%

CHF

0

Pts with Glu89Gln TTR mutation
Pts with Val30Met TTR mutation
Pts with other TTR mutations

20 40

5 (12%)

6 (15%)

10 (24%)

13 (32%)

30 (73%)

33 (80%)

60

% of Patients

80 100

Conduction disturbances
on standard ECG

Cardiomyopathy and
restrictive LV filling pattern

Fig. 17.5 Prevalence of different manifestations of cardiac involvement in a series of 41 ATTR 
patients referred to a specialised Italian tertiary centre. (From Rapezzi et al. [32])
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17.5.4  Diagnostic Examinations

17.5.4.1  Electrocardiography
The ECG is rarely normal in patients with cardiac amyloidosis [46–49]. About 
10–15% of patients present with atrial fibrillation. The spectrum of QRS and repo-
larization alterations includes low ECG voltage (presence of QRS voltage ampli-
tude ≤0.5 mV in all limb leads, or ≤1 mV in all precordial leads), pseudo- infarct 
patterns (anterior, inferior or lateral) (Fig. 17.6), left anterior hemiblock, right bun-
dle branch block, and ischemic-type or non-specific T-wave abnormalities [46–49]. 
Low QRS voltage is considered the most typical ECG finding in cardiac amyloido-
sis, especially when coexistent with increased left ventricular wall thickness. In a 
series of patients with cardiomyopathy of suspected amyloidotic origin, the combi-
nation of low QRS voltage and interventricular septal thickness >1.98 cm provided 
a sensitivity of 72% and a specificity of 91% for a biopsy proven diagnosis of 
(mainly AL) cardiac amyloidosis [48]. Our experience [50] of patients affected by 
amyloidotic cardiomyopathy suggests that the prevalence of low QRS voltage at 
presentation may be significantly lower in ATTR than in AL (about 30 versus 50%). 
This observation underlines the importance of pursuing any clinical suspicion of 
ATTR amyloidotic cardiomyopathy, even in the absence of reduced QRS voltage.

17.5.4.2  Echocardiography
Echocardiography is the main non-invasive instrumental examination for detection of 
cardiac involvement, since it can reveal several features that are suggestive of cardiac 
amyloidosis (Fig. 17.7) [45, 51–57]. It has to be remembered, however, that such features 
commonly appear only in the later stages of disease [36, 39]. Thus, echocardiographic 

Table 17.2 List of the main TTR mutations subdivided according to three prevalent clinical 
profiles

Prevalent 
polyneuropathy

Cys10Arg, Asp18Glu, Ala25Ser, Ala25Thr, Val28Met, Val30Ala, 
Val30Leu, Val30Met, Phe33Ile, Phe33Leu, Phe33Val, Arg34Thr, 
Lys35Asn, Ala36Pro, Asp38Ala, Phe44Ser, Ala45Asp, Gly47Arg, 
Gly47Val, Thr49Ala, Thr49Ile, Ser50Arg, Ser52Pro, Glu54Gly, 
Glu54Lys, Leu55Pro, Leu55Gln, Leu58Arg, Thr59Lys, Glu61Lys, 
Lys70Asn, Val71Ala, Ile73Val, Ser77Phe, Ile84Thr, Glu89Lys, 
Ala91Ser, Ser112Ile, Tyr114His, Tyr116Ser, Val122Ala

Prevalent myocardial 
involvement

Asp18Asn, Val20Ile, Ser23Asn, Pro24Ser, Phe33Cys, Glu42Asp, 
Glu42Gly, Ala45Ser, Ala45Thr, Gly47Ala, Thr49Pro, Ser50Ile, 
Glu51Gly, His56Arg, Leu58His, Thr60Ala, Phe64Leu, Ile68Leu, 
Tyr69Ile, Ser77Tyr, Ala81Thr, Ile84Asn, Ile84Ser, Glu89Gln, 
Gln92Lys, Ala97Gly, Arg103Ser, Ile107Val, Leu111Met, Ala120Ser, 
Val122Ile

Prevalent 
leptomeningeal 
involvement

Leu12Pro, Asp18Gly, Val30Gly, Gly53Glu, Phe64Ser, Ile84Ser, 
Tyr114Cys.
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Fig. 17.6 Characteristic ECG from an ATTR patient with amyloidotic cardiomyopathy. The most 
striking features are low QRS voltage in the limb leads, anterior “pseudo-infarction” pattern, and 
diffuse “ischemic” T-wave abnormalities

Fig. 17.7 Characteristic echocardiograms from four different ATTR patients affected by amyloi-
dotic cardiomyopathy. The most striking shared feature is the increased thickness of the interven-
tricular septum and free left ventricular wall. In the top right panel (4-chamber view), thickening 
of the mitral valve is also apparent. In the bottom right panel (subcostal view), thickening can also 
be seen in the free right ventricular wall and interatrial septum
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images must be interpreted in the context of the clinical picture and other examinations, 
and they cannot be used in isolation for diagnostic confirmation. The most frequent 
echocardiographic finding is increased thickness of the interventricular septum and of 
the left ventricular free wall. This finding is often erroneously referred to as “hypertro-
phy”, whereas in reality it corresponds to amyloidotic myocardial infiltration. Other 
characteristic echocardiographic findings include:

• increased right ventricular wall thickness;
• increased interatrial septal thickness;
• diffuse granular appearance of the myocardium;
• atrioventricular valve thickening;
• pericardial effusion.

Much stress has been laid on the diagnostic relevance of the granular or speckled 
appearance of the ventricular myocardium at echocardiography. However, recogni-
tion of a “granular pattern” remains subjective and current imaging technology may 
enhance myocardial echogenicity while at the same time attenuating granularity 
[39]. Nevertheless, the current definition of amyloidotic cardiomyopathy [56] is 
based on echocardiographic criteria: end-diastolic thickness of the interventricular 
septum >1.2 cm (in the absence of any other cause of ventricular hypertrophy) plus 
two or more of the following: (a) homogeneous atrioventricular valve thickening, 
(b) atrial septum thickening, and (c) sparkling/granular appearance of the ventricu-
lar septum.

The ventricles are usually not dilated in amyloidotic cardiomyopathy. The left 
ventricular ejection fraction tends to be normal or only slightly reduced, but the wall 
thickening velocity is frequently depressed. Similarly, the long-axis function of the 
left ventricle is often reduced even in the early phases of the disease when radial 
fractional shortening is still conserved, and this can be appreciated both by tissue 
Doppler imaging techniques and by 2-dimensional (2D) speckle-tracking imaging 
[36, 57]. In general, strain parameters in CA have been shown to be much more 
altered than in other causes of left ventricle hypertrophy. In particular, longitudinal 
strain (LS) in amyloidotic cardiomyopathy has an unusual pattern characterized by 
a severe impairment of strain at the base and a relative “apical sparing”, that dif-
ferentiates CA from other cardiomyopathies [58].

Echo-Doppler evaluation provides particularly relevant information regarding 
the diastolic phase of ventricular function. The frequency and types of diastolic 
abnormalities is related to the different phases of the disease. In particular, a true 
“restrictive filling pattern” is generally encountered only in advanced amyloidotic 
cardiomyopathy [40].

17.5.4.3  Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) with delayed gadolinium enhancement is useful 
for detection of amyloidotic myocardial infiltration [59–62]. Gadolinium tends to 
accumulate within the interstitium infiltrated by amyloid (Fig. 17.8), leading to a late 
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enhancement effect, most often in the subendocardium [59], and less commonly 
in  localized and transmural distributions [60, 63]. A unique feature of delayed- 
enhancement MRI in amyloidotic cardiomyopathy is the dark appearance of the blood 
pool, due to similar T1 values of the myocardium and blood (produced by high myo-
cardial uptake and fast blood pool washout) [59]. Although MRI certainly provides 
relevant information in the diagnostic work up, its diagnostic accuracy and predictive 
value has not yet been studied in real-world situations where a variety of primary/
secondary myocardial diseases have to be considered in the differential diagnosis.

T1 mapping is a new technique where a quantitative signal from the myocardium 
is measured, either before contrast (native T1) or after contrast administration [45, 
64–66]. In CA native myocardial T1 is increased both in AL and ATTR patients. T1 
values are higher in AL-CA compared with ATTR-CA, whilst the extracellular vol-
ume is higher in ATTR than in AL [67]. Native T1 is an early disease marker, being 
elevated before the onset of left ventricle hypertrophy, presence of late gadolinium 
enhancement or elevation in blood biomarkers and can be used in patients with renal 
impairement as it requires no contrast administration. Combined, native T1 mapping 

a

c d

b

Fig. 17.8 In a 43 year old man with familial transthyretin related cardiac amyloidosis, conven-
tional cardiac magnetic resonance (CMR) with (a) black blood fast spin echo and (b) bright blood 
fast gradient echo sequences shows increased left and right ventricular thicknesses. (c) Gadolinium 
inversion recovery fast gradient echo also shows a large transmural zone of strong, patchy hyper-
enhancement (arrows). (d) After combined heart and liver transplantation, myocardial histological 
analysis showed diffuse amyloid deposition with characteristic green birefringence on Congo red 
staining (inset) and an area of massive infiltration (arrows) corresponding to the strong, patchy 
enhancement seen on Gd-CMR. (From Perugini et al. [60]); with permission
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and measures of extracellular volume (ECV) post contrast can delineate three aspects 
of CA including amyloid burden or infiltration via measure of ECV, edema via mea-
sure of native T1 and myocyte response via measure of intracellular volume. This 
approach can provide a better understanding of the pathophysiological processes that 
may be used to monitor disease progression and response to therapy. Current limita-
tions of the T1 imaging are the effect of confounding pathologies such as myocardial 
edema and platform dependent variation in normal ranges for T1.

17.5.4.4  Nuclear Scintigraphy
Scintigraphy is another important non-invasive examination for diagnosis and mon-
itoring of amyloidosis [36, 39, 68, 69]. I123-labeled serum amyloid P (SAP) specifi-
cally binds with all types of fibril (via a calcium-mediated mechanism). Its 
consequent accumulation in all amyloid deposits provides valuable information on 
the presence and topography of amyloid deposits in the body, making it possible to 
monitor progression and therapeutic response [68]. Unfortunately, SAP scanning is 
restricted to a very few centres and it cannot image the beating heart.

The 99mTc-phosphate derivatives, originally developed for bone imaging, were 
observed to accumulate in the early healing phase after acute myocardial infarction. 
In the early 1980s, 99mTc-PYP imaging was first described as a potential diagnos-
tic test for CA following reports describing increased cardiac uptake in patients with 
amyloid heart disease [70–72]. More recently in Europe, studies have evaluated the 
diagnostic role of the tracer 99mTc-3,3-diphosphono-1,2-propanodicarboxylic 
(DPD) in cardiac amyloidosis [69, 73, 74] (Fig. 17.9). Altogether, the data show that 
ATTR-CA is avid for bone tracers, whereas uptake in AL-CA is either absent or 
only mild. The molecular bases for this differential uptake is unknown, but it has 
been suggested that the preferential binding to ATTR may be a result of higher cal-
cium content. Since bone scintigraphy has a high diagnostic accuracy for imaging 
ATTR-CA, in selected patients with a moderate-intense myocardial radiotracer 
uptake and the absence of a detectable monoclonal protein in serum or urine, the 
diagnosis of ATTR CA is reliably without the need for histology [75]. Moreover, 
bone tracers seem to be useful for early identification of ATTR-CA and may more 
closely correlate with amyloid load than estimates from CMR [76]. Additionally, 
there is also uptake in skeletal muscle and soft tissues, which may appear to attenu-
ate bone signal [77]. 18F-florbetapir is approved for imaging beta amyloid protein 
in the brain. Recent studies have shown that it is also taken up in the heart in patients 
with ATTR-CA and AL-CA. Similar findings have been reported for another beta 
amyloid imaging agent 11C-PiB [78]. These agents hold great promise for absolute 
quantification of amyloid burden.

17.5.4.5  Endomyocardial Biopsy
Endomyocardial biopsy (EMB) readily provides histological evidence of amyloid 
heart disease; false negatives are uncommon given the widespread myocardial 
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diffusion of amyloid deposits [79–81]. Since the ventricular walls are commonly 
thickened, biopsy carries a very low risk of cardiac perforation.

17.5.4.6  Cardiac Biomarkers
In AL cardiac amyloidosis, Troponin T and B-natriuretic peptide (BNP) plasma 
concentrations both tend to be elevated, even in the context of only limited ventricu-
lar dysfunction and mild or absent symptoms of congestive heart failure [82–86]. 
Both Troponin and BNP values can be useful to stratify the prognosis of AL patients 
and monitor their response to therapy [82–85]. Fewer biomarker data are available 
for ATTR [10, 86–88]. Taken together these studies show that NT-pro-BNP, BNP 
and troponin are frequently increased in ATTR as a consequence of both hemody-
namic abnormalities and direct toxic effects of precursor proteins in some 

a b c d

Fig. 17.9 Representative examples illustrating the spectrum of 99mTc-DPD uptake among 
patients with TTR-related or AL cardiac amyloidosis and unaffected controls (top row: whole- 
body scans, anterior view; bottom row: cross sectional views of cardiac SPECT in the same 
patients). (a) Unaffected control subject without visually detectable uptake. (b) Patient with AL 
amyloidosis and echocardiographic documentation of cardiac involvement without any visually 
detectable sign of myocardial 99mTc-DPD uptake; mild uptake of the tracer is visible only at soft 
tissue level. (c, d) Two patients with TTR-related amyloidosis and echocardiographic documenta-
tion of cardiac involvement, both showing strong myocardial 99mTc-DPD uptake (with absent 
bone uptake); in one of the patients (d), splanchnic uptake is also visible. (From Perugini et al. 
[69]); with permission
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mutations. Recently, Grogan et al. have proposed a staging system with important 
prognostic implication for patients with wild-type TTR [88].

17.5.5  ATTR Amyloidosis Versus AL and Systemic Senile 
Amyloidosis

Hitherto, we have mainly considered amyloidotic cardiac involvement in the broad 
context of a systemic amyloidosis which infiltrates the heart. Although ATTR, AL 
and systemic senile cardiac amyloidosis share many features, there are some impor-
tant differences (Table 17.3) [5, 89]. Compared to AL cardiac amyloidosis (the most 
common form), ATTR seems to be characterised by slightly greater ventricular wall 
thickness, less pronounced systolic and diastolic cardiac dysfunction with lower 
ventricular filling pressures, and lower prevalence of low QRS voltage. Furthermore, 
ATTR cardiac amyloidosis patients less often develop heart failure symptoms or die 
from cardiovascular complications.

17.5.5.1  Diagnosis of ATTR Cardiac Amyloidosis

Clinical Suspicion
From the cardiologist’s standpoint, two main clinical scenarios can be distin-
guished in ATTR: (1) a clinical picture characterized by neurological impairment 
or a prexisting diagnosis of FAP; (2) heart muscle disease in the absence of a 
neurological diagnosis. If there is a strong suspicion or an existing diagnosis of 
FAP, the cardiologist’s role is to look for signs of cardiac involvement. In such 
situations, ECG and echocardiography generally provide all the necessary diag-
nostic information. To recognise very early signs of myocardial involvement, 
careful observation of the longitudinal left ventricular function with tissue-Dop-
pler echocardiography is particularly revealing.

Table 17.3 Comparison of the characteristics of the three main forms of systemic cardiac amy-
loidosis: summary of the literature (and the authors’ experience)

AL
Systemic senile 
amyloidosis ATTR

Ventricular walls Mild thickening Greatly thickened Moderate thickening
A-V valve involvement Sometimes Sometimes Frequent
Diastolic dysfunction Often moderate Often mild Sometimes
Systolic dysfunction Sometimes Frequent Occasionally
Low QRS voltage Frequent Occasionally Sometimes
Left bundle branch block Sometimes Occasionally Sometimes
99Tc-DPD myocardial 
uptake

Absent/weak Strong Strong

Severe heart failure Very frequent Frequent Occasionally
Prognosis Poor Fair Fair
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The situation in which there is no neurological suspicion of FAP is much more 
challenging for cardiologists. Patients may be present with heart failure symptoms, 
arrhythmias, syncope, orthostatic hypertension, or ECG/echocardiographic abnor-
malities in the absence of symptoms. Differentiation from cardiomyopathies of 
other etiology can be difficult and not infrequently results in misdiagnosis of car-
diac amyloidosis as familial hypertrophic cardiomyopathy. However, the particular 
echocardiographic signs described above should raise suspicion of amyloidotic eti-
ology once “hypertrophic cardiomyopathy” has been recognized. Perhaps the single 
most useful sign is the presence of low or normal QRS voltage despite increased left 
ventricular wall thickness (Fig. 17.10). Unfortunately, this highly specific sign is not 
very sensitive and is more frequent in AL than in TTR-related amyloidosis.

Apart from evident neurological manifestations, other clinical pointers for a 
diagnosis of hereditary ATTR amyloidosis include:

 – familial neurological disease (even in the absence of a precise diagnosis of FAP).
 – a personal history of carpal tunnel syndrome.
 – sensorimotor peripheral neuropathy.
 – unexplained intense muscular pain in the leg and burning sensations;

Fig. 17.10 Echocardiograms and ECG from a patient with sarcomeric hypertrophic cardiomy-
opathy (left) and amyloidotic cardiomyopathy (right). Despite similar degrees of left ventricular 
“hypertrophy”at echocardiography, the ECG are profoundly different (left ventricular hypertrophy 
and strain in the patient with sarcomeric hypertrophic cardiomyopathy versus low QRS voltage in 
the patient with amyloidotic cardiomyopathy)
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 – autonomic nervous system dysfunction (eg dyshydrosis, erectile dysfunction, 
diarrhoea alternating with constipation).

 – vitreous opacity.

Since some of these signs can be very mild, and not necessarily self-reported by 
the patient, an active search is mandatory.

Tissue Diagnosis
Table 17.4 summarises the main features that can facilitate a differential etiological 
diagnosis between the tree main forms of systemic amyloidosis. Since AL amyloido-
sis is the most common form of the disease, a search for clonal plasma-cell dyscrasia 
is generally the first step. A detailed description of the sequence of diagnostic tests 
used for plasma cell dyscrasia can be found elsewhere [2, 36, 56]. Histological evi-
dence of amyloid deposits is essential for a final diagnosis of amyloidosis. The diag-
nostic accuracy of an extra-cardiac biopsy depends on the type of amyloidosis and 
on the analyzed tissue [45]. In general, the yield of an extra-cardiac biopsy (lip, skin, 
salivary gland, or gastrointestinal tract) is higher in AL than in familial ATTR and, 
however, is very low in ATTR wild-type [90]. In ATTR, peri-umbilical fat biopsy, 
especially in patients with wild type ATTR has a sensitivity of <20% [90]. Thus, 
while a fat pad biopsy is a preferred initial site, expecially in AL, a negative result is 
insufficient to exclude the diagnosis and an EMB should be performed.

The final goal of a biopsy, following the documentation of amyloid infiltration, is 
to provide a definite etiologic classification. Immunohistochemistry remains the most 
widely available method for fibril typing [45]. Its diagnostic value is very high in AA 
amyloidosis and in most cases of ATTR amyloidosis, but the results are not always 
definitive in patients with AL amyloidosis. The most frequent pitfall is the coexis-
tence of positivity for more than one type of antisera, typically those for TTR and 
lambda or kappa-chains, which are the result of the antibody binding to circulating 
proteins present in the pathological specimen. In a recent series, 8/15 patients with 
monoclonal gammopathy, showed strong TTR staining in the histological samples 
whereas mass spectrometry demonstrated light chain amyloid in 5 of these 8 patients 

Table 17.4 Main features that facilitate a differential aetiological diagnosis between the three 
main forms of systemic amyloidosis

AL ATTR
Systemic senile 
amyloidosis

Suggestive clinical/instrumental 
signs

Present Present Present

Amyloid in biopsy from affected 
organ or abdominal fat

Positive Positive Positive 
(myocardium)

Plasma-cell dyscrasia Present Absent Absent
Transthyretin mutation Absent Present Absent
Immunohistochemistry Positive for κ or 

λ light chains
Positive for 
TTR

Positive for TTR

Characteristic neurological signs Sometimes Yes Sometimes
Echocardiographic findings 
suggestive of amyloidotic 
cardiomyopathy

Sometimes Sometimes Yes
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[91]. Mass spectrometric analysis of amyloid is a technique recently introduced for 
fibril typing [92]. This method involves laser micro-dissection and laser capture of 
amyloid using a microscope followed by tryptic digestion and tandem mass spec-
trometry. Computer algorithms match the peptides to a reference database.

17.6  Therapy of Cardiac Amyloidoses

17.6.1  Disease Modifying Treatments (Liver Transplantation 
and New Drugs)

Current specific treatment for TTR-CA is focused on different steps in the TTR 
amyloid cascade including silencing of TTR production, TTR stabilization and 
amyloid clearance from tissues [45, 93–95].

Because 95% of TTR protein is produced by the liver, orthotropic liver transplan-
tation (OLT) has been used in ATTRm to replace amyloidogenic mutant with wild- 
type TTR and theoretically arrest amyloid formation. According to the FAP World 
Transplant Registry, more than 2000 OLT procedures have been performed in a total 
of 12 different countries, most of all in patients with Val30Met mutation with a 
primary neuropathic phenotype [96]. OLT is considered a preventative measure to 
forestall the development of the sensorimotor neuropathy or multiple organ involve-
ment. Survival after transplantation in Val30Met patients is >50% at 20 years [96]. 
Since the liver function of TTR liver transplant recipients is otherwise normal, their 
livers have been transplanted into high risk recipients (“domino liver transplant”), 
causing TTR amyloidosis in recipients several years late [97]. While survival is 
prolonged by liver transplantation [96], there is slowing but not arrest of disease 
progression. This is attributed to deposition of wild type TTR amyloid in the heart 
from the transplanted liver causing progressive cardiac dysfunction. Patients with 
fragmented ATTR fibrils (type A) developed HF after OLT while those who had 
intact ATTR fibrils (type B) did not deteriorate to the same degree [98]. The scarcity 
of organ availability, the need for lifelong immunosuppression, the relatively older 
age of affected subjects make transplantation an unsuitable option for facing 
TTR-CA.

Both RNA interference (RNAi) and antisense oligonucleotides (ASOs) have 
been used to inhibit hepatic expression of amyloidogenic TTR.  These therapies 
capitalize on endogenous cellular mechanism for controlling gene expression in 
which siRNAs or ASOs, mediates the destruction of target messenger RNA (mRNA) 
essential for TTR production. These agents cause a robust and durable reduction in 
genetic expression (knockdown) of TTR and retinol binding protein [99–102]. Both 
methods of silencing have completed recruitment for phase III trials in TTR periph-
eral neuropathy with results expected in 2017 but a phase III trial in TTR cardiomy-
opathy was recently suspended.

TTR stabilizers have demonstrated efficacy in FAP [103, 104] but their efficacy 
in TTR-CA is unknown. Diflunisal, a nonsteroidal anti-inflammatory drug, binds 
and stabilizes common familial TTR variants against acid-mediated fibril formation 
in vitro and has been tested in human clinical trials [103]. Use of diflunisal is con-
troversial given the known consequences of chronic inhibition of cyclooxygenase 
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enzymes including gastrointestinal bleeding, renal dysfunction, fluid retention, and 
hypertension that may precipitate HF in vulnerable individuals. Tafamidis is a novel 
compound that binds to the thyroxine-binding sites of the TTR tetramer, inhibiting 
its dissociation into monomers [105] and blocking the rate-limiting step in the TTR 
amyloidogenesis cascade. A phase III clinical trial with tafamidis in TTR cardiac 
amyloidosis is ongoing and the results are expected in 2018.

Eepigallocatechin gallate (EGCG), the most abundant flavonoid in green tea, inhib-
its amyloid fibril formation in vitro, leading to open label trials in TTR-CA [106].

Doxycycline disrupts fibril formation [107] and when combined with bile salt, 
tauroursodeoxycholic acid demonstrated a synergistic effect on removal of tissue 
TTR deposits in an animal model, leading to ongoing open label trials in humans. 
Disruption/clearance of amyloid fibrils is a particularly relevant target. Various 
monoclonal antibodies are in developmental stages including NEOD001 and 
PRX004 (Prothena) targeted at AL and ATTR amyloid respectively, and an anti- 
SAP antibody (GSK) which target serum amyloid P component which decorates 
deposited amyloid fibrils.

17.6.2  Prevention and Treatment of Cardiovascular 
Complications

In the absence of widely available specific treatments for any of the etiologically 
distinct forms of cardiac amyloidosis, the main therapeutic aims are to relieve 
symptoms, treat congestive heart failure, and prevent arrhythmic and thromboem-
bolic complications [36, 39]. Diuretics are essential for treatment of venous conges-
tion. However, their use must be judicious, as pre-load reduction in patients with 
overt restrictive physiology may reduce ventricular filling pressures, leading to 
decreased cardiac output and hypotension. Large resistant pleural effusions (par-
ticularly frequent in AL) may indicate the presence of pleural amyloidotic involve-
ment, [108] occasionally necessitating recurrent pleural taps or even pleurodesis. 
Digoxin must be used with caution, due to its high arrhythmogenicity in the amyloi-
dotic substrate [1]. Indeed, the high propensity of this drug to bind with amyloid 
fibrils [109] can easily lead to clinical manifestations of digoxin toxicity, even in the 
presence of apparently “therapeutic” serum levels [36]. Maintenance of sinus 
rhythm is important, since development of atrial fibrillation worsens diastolic dys-
function, and a rapid ventricular response may further compromise the pumping 
function.

The decision whether or not to start antithrombotic therapy is complex, particu-
larly in AL where risk of hemorrhage is high. In ATTR, hemorrhagic events appear 
to be less common. Anticoagulation with warfarin is mandatory for patients with 
paroxysmal or permanent atrial fibrillation and flutter. It has also been suggested 
that transesophageal echocardiography is useful to identify patients that have atrial 
dysfunction despite sinus rhythm (by revealing spontaneous echo contrast or atrial 
appendage Doppler velocities below 40 cm/s). In such cases, warfarin may be indi-
cated in view of the risk of thrombus formation in the atrial appendage [40].
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No controlled study is available regarding the effects of β-blocker used in amy-
loidosis, whether for rate control of atrial fibrillation or for treatment of heart fail-
ure, but rate reduction with β-blockers can cause a critical decrease in cardiac output 
without providing benefits in terms of reverse ventricular remodelling. Calcium 
channel blockers are contraindicated, since these drugs often exert relevant negative 
inotropic effects [110, 111].

In heart failure generally, ACE inhibitor or angiotensin receptor blockers are 
standard therapy. However, for patients with cardiac amyloidosis these drugs must 
be administered with extreme caution due to the elevated risk of inducing or exac-
erbating hypotension.

Although sudden death is frequent in amyloidosis [112, 113], very little is known 
about the underlying cause of most events. Sudden death has reportedly been caused 
by advanced atrioventricular block, ventricular tachycardia/fibrillation, and electro-
mechanical dissociation. Implantable cardiac defibrillators have been used only in a 
small number of cases in the absence of any documented effect on survival. Although 
some centers use amiodarone to try to prevent arrhythmias and sudden death in 
patients with amyloidotic cardiomyopathy, studies of efficacy are lacking. If cardio-
version is performed to treat atrial fibrillation, use of a temporary prophylactic pace-
maker is advisable due to the risk that the abnormal sinus node may fail. When 
amyloidosis patients present with bradyarrhythmias, clinicians may feel justified to 
proceed to prophylactic pacemaker implantation earlier than they normally would 
with other patients. In the presence of restrictive physiology, dual-chamber devices 
should be preferred [112].

Neurogenic orthostatic hypotension is difficult to prevent and treat. General pro-
phylactic non-pharmacologic measures and Midodrine, a peripheral, selective, 
direct α1-adrenoreceptor agonist, which is the only medication approved by the 
Food and Drug Administration for the treatment of orthostatic hypotension) are the 
only palliative treatments that can be offered to patients [114]. Phosphodiesterase 
inhibitors can be used to treat erectile dysfunction [115].

17.6.3  Combined ‘Heart-Liver’ Transplantation

Cardiac involvement can affect the success of OLT and the patient’s postoperative 
outcome in at least two different ways. Patients with amyloidotic cardiomyopathy 
have an increased perioperative morbidity and mortality. Indeed, any cardiological 
complication which leads to low cardiac output or increased filling pressure in the 
perioperative phase can fatally damage the transplanted liver, thereby threatening 
the life of the recipient and wasting a precious life-saving organ. Cardiovascular 
complications account for about two-fifths of deaths after OLT (almost half of which 
of which occur within the first 3 months) [97]. The second major problem is pro-
gression of cardiomyopathy even after successful OLT. This phenomenon has been 
echocardiographically documented, especially (though not exclusively) in patients 
with mutations other than Val30Met. After OLT, some patients with the Leu30 vari-
ant of ATTR have shown an increased proportion of amyloid derived from wild-type 
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TTR in their myocardial tissue [38]. Furthermore, slow but progressive amyloidotic 
cardiomyopathy has been observed after OLT even in patients whose cardiac 
involvement was only mild up to the time of transplantation. It is currently thought 
that although wild-type TTR is only weakly amyloidogenic, its potential for myo-
cardial deposition can increase dramatically in the presence of a pre-existing tem-
plate of amyloid in the heart. These considerations provide the rationale for 
combined heart-liver transplantation in selected patients [116, 117]. The number of 
such interventions is currently limited (with no more than 30 reports available in the 
literature). Combined heart-liver transplantation is a technically challenging proce-
dure which is necessarily the province of a few highly specialized centers. The 
degree of neurological impairment and the patient’s nutritional status are thought to 
be the two major factors influencing long-term outcome [118]. Encouragingly, the 
cardiac grafts do not appear to be affected by amyloid during follow-up.

The main indication for combined heart-liver transplantation is presence of 
severe heart failure due to amyloidotic cardiomyopathy in a patient without advanced 
neurological involvement. Combined heart-liver transplantation has also been pro-
posed as a therapeutic option for patients affected by mutations other than Val30Met 
who are candidates for OLT and who have an echocardiographic diagnosis of car-
diomyopathy (even in the absence of major cardiovascular symptoms) [32].

17.7  Other Hereditary Amyloidoses

Other mutated genes which can induce systemic disease with variable patterns of 
organ involvement and clinical severity include apolipoprotein A-I (AApoAI), apo-
lipoprotein A-II (AApoAII), lysozyme (ALys), gelsolin (AGel), fibrinogen Aa 
(AFib), and Cystatin C (ACys). Clinically relevant cardiac involvement mainly 
occurs in patients with apolipoprotein A-I mutation.

17.7.1  Apolipoprotein A-I Amyloidosis (AApoAI)

Apolipoprotein A-I is the main constituent of high-density lipoprotein particles (the 
ApoAI gene is located on chromosome 11). About half of apolipoprotein AI is syn-
thesized in the liver and the other half in the small intestine [18, 119]. Twelve dif-
ferent ApoAI gene mutations (mostly single nucleotide substitutions) have been 
associated with deposition of apolipoprotein A-I amyloid [3, 120]. All forms of 
apolipoprotein A-I amyloidosis are inherited as autosomal dominant traits, but clini-
cal onset varies from the third decade of life to advanced age and the penetrance is 
not known (although it is probably greater than 50%). Unlike ATTR, the kidney is 
the most frequently affected organ, and death is usually caused by renal failure. 
Other sites of involvement include liver, spleen, and occasionally the heart. In rare 
cases, cardiac involvement can lead to massive hypertrophy with very diminutive 
ventricular cavities [121]. In contrast to most cases of AL, in apolipoprotein A-I 
amyloidosis proteinuria is usually very limited.
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17.7.2  Apolipoprotein A-II Amyloidosis (AApoAII)

Like apolipoprotein AI, apolipoprotein AII, is predominantly synthesized by the 
liver and the intestines. Apolipoprotein AII amyloidosis is the most recently dis-
covered hereditary systemic form of the disease. It is an autosomal dominant amy-
loidosis caused by point mutations in the apoAII gene. Clinically, it characterized 
by early adult onset of progressive renal failure. Dialysis and renal transplantation 
are currently the only two therapeutic options, both of which are palliative [122]. 
After transplantation, recurrence of amyloid deposition in the graft is rare and 
progression of any other organ involvement tends to be very slow [122].

17.7.3  Lysozyme Amyloidosis (ALys)

Lysozyme is a ubiquitous bacteriolytic enzyme present in both external secretions 
and in leukocytes, macrophages, gastrointestinal cells and hepatocytes; its physio-
logic role is not clear. Lysozyme amyloidosis is an autosomal dominant “nonneuro-
pathic” form of hereditary amyloidosis, associated with four different lysozyme 
gene mutations (Trp64Arg Ile56Thr, Asp67His, Phe57Ile) [123]. Gastrointestinal 
involvement has been seen in nearly all reported cases of lysozyme amyloidosis, 
varying from mild abdominal discomfort to severe malabsorption syndrome [123]. 
Megaloblastic anemia due to acid folic deficiency secondary to amyloid deposition 
in the small intestine [124] and bleeding of the gastrointestinal tract have also been 
described.

Renal manifestations are frequent in lysozyme amyloidosis [124, 125] Other 
clinical manifestations that have been described include “sicca syndrome” [126], 
bone marrow infiltration, [127] and heart involvement [128, 129].

17.7.4  Gelsolin (AGel)

Gelsolin amyloidosis is rather common in Finland [18, 130, 131] but very rare else-
where. This type of amyloidosis stems from a mutation (Asp187Asn) in plasma 
gelsolin, an actin-modulating protein that takes part in the clearance of actin fila-
ments [132, 133]. The main clinical manifestations are corneal lattice dystrophy, 
cranial neuropathy, and cutis laxa. Peripheral and autonomic neuropathy, and car-
diac or renal involvement can also occur [134]. Lattice corneal dystrophy is pathog-
nomonic, greatly facilitating diagnosis of the condition [135].

17.7.5  Fibrinogen Aa Amyloidosis (AFib)

Fibrinogen amyloidosis (AFib) is an autosomal dominant disease with low pene-
trance, caused by point mutations in the fibrinogen A alpha chain gene (about six 
amyloidogenic mutations in the fibrinogen Aα-chain have been identified, the most 
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common being Glu526Val [136]. Kidneys are the main site of amyloid deposition. 
Cardiac involvement has yet to be reported.

17.7.6  Cystatin C Amyloidosis (ACys)

This disease, documented in a seven generation pedigree in northwest Iceland 
(hereditary cerebral haemorrhage with amyloidosis, Icelandic type, HCHWA-I) is a 
rare, fatal, autosomal dominant condition, directly linked to a Leu68Gln mutation in 
the cystatin C protein sequence, a cysteine protease inhibitor [137]. Mutant cystatin 
C forms amyloid in brain arteries and arterioles, and to a lesser degree in tissues 
outside the central nervous system such as the skin, lymph nodes, testis, spleen, 
submandibular salivary glands, and adrenal cortex.

17.8  Key Points

 1. Systemic amyloidoses are complex entities, which are widely underdiagnosed.
 2. ATTR (i.e. transthyretin-related familial amyloidosis) is the most frequent form 

of hereditary systemic amyloidosis. It is characterized by a high degree of geno-
typic (over 80 different amyloidogenic mutations) and phenotypic heterogeneity. 
The clinical spectrum of ATTR ranges from almost exclusive neurologic involve-
ment (within a clearly familial context) to apparently sporadic cases with a 
strictly cardiological presentation.

 3. Phenotypic heterogeneity is linked to at least three different factors: the type of 
TTR mutation, the geographic distribution, and the type of aggregation (endemic 
or non-endemic).

 4. Cardiac amyloidosis is generally considered to be a myocardial disease with 
“hypertrophic phenotype” and restrictive physiology. However, any representa-
tive cohort of patients with amyloid heart disease will display a spectrum of 
diastolic filling abnormalities, with the restrictive pattern manifesting only in 
advanced stages of the disease.

 5. The single most useful sign to arouse diagnostic suspicion of cardiac amyloido-
sis is the presence of low or normal QRS voltage at ECG despite increased left 
ventricular wall thickness at echocardiography.

 6. Histologic evidence of amyloid deposits is essential for a final diagnosis of amy-
loidosis. However, in a patient with a genetically proven diagnosis of ATTR, 
echocardiographic identification of unexplained ventricular hypertrophy pro-
vides clinical evidence of the specific disease.

 7. Since the liver is mainly responsible for TTR production, orthotopic liver transplanta-
tion can provide a “surgical gene therapy” for ATTR and must be considered as soon 
as possible for all patients with clinically evident, molecularly confirmed disease

 8. The biologic process underlying TTR cardiac amyloidosis has led to the devel-
opment of numerous therapies that are currently in late phase clinical trials.
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 9. Combined heart-liver transplantation can be offered to patients with severe heart 
failure due to amyloidotic cardiomyopathy, or to patients affected by mutations 
other than Val30Met who are candidates for OLT and who have an echocardio-
graphic diagnosis of cardiomyopathy (even in the absence of major cardiovascu-
lar symptoms).
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18Cardiovascular Manifestations 
of Myotonic Dystrophy
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Abstract
The myotonic dystrophies type 1 and type 2 are the most frequently inherited 
neuromuscular diseases of adult life. They are progressive multisystem disorders 
and predominantly affect the conduction system of the heart. Tachy and bradyar-
rhythmias are the predominant cardiac manifestation and are associated with up 
to 30% of all cause mortality in DM. Routine cardiac screening is recommended 
in all patients with a minimum of a yearly ECG, ECHO and 24 h Holter monitor-
ing. In our practice we recommend electrophysiological studies when there are 
any abnormalities on the ECG. Future work will aim to define criteria for implan-
tation of pacemakers and implantable cardioverter defibrillators.
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18.1  Introduction

Myotonic dystrophy is the most frequently inherited neuromuscular disease of adult 
life and is genetically divided into type 1 and type 2 (DM1 and DM2). Estimates of 
the prevalence of myotonic dystrophy type 1 range from approximately 1:100,000 in 
some areas of Japan to approximately 1:10,000 in Iceland, with a European preva-
lence of 3–15 per 100,000 [1]. DM2 is less common, affecting approximately 1 in 
20,000, although our personal experience in London UK suggests that it is signifi-
cantly less common than DM2. Both DM1 and DM2 are progressive multisystem 
disorders with clinical and genetic features in common. DM1 has a wide phenotypic 
spectrum and DM2 tends to cause a milder phenotype with later onset of 
symptoms.

18.2  Genetics of Myotonic Dystrophy Type 1 and 2

DM1 is caused by the expansion of an unstable trinucleotide (CTG) repeat sequence 
in an untranslated, but transcribed, portion of the 3′ region of the myotonic dystro-
phy protein kinase (DMPK) gene located on chromosome 19q13.3 [2]. Normal indi-
viduals have between 5 and 37 repeats. Patients with between 38 and 49 CTG 
repeats are asymptomatic but are at risk of having children with larger repeats 
caused by intergenerational repeat expansion due to anticipation. Patients with 
greater than 49 repeats will usually manifest clinical features of myotonic 
dystrophy.

There is a correlation between longer CTG repeat expansions and an earlier age 
of onset and more severe disease, especially below 400 CTG repeats [3]. One expla-
nation for the limited correlation of phenotype with repeat size above 400 is that the 
DMPK CTG trinucleotide repeat length is unstable in individuals with DM1, which 
leads to somatic mosaicism for the size of the CTG expansion [4]. The repeat size 
is stable in some postnatal tissues, for example leucocytes, but not in others, for 
example skeletal and cardiac muscle. The estimated progenitor allele length and 
level of somatic instability have recently been described as major modifiers of age 
of onset and support the hypothesis that the variation in disease severity between 
organs, within an individual, may partly be related to the level of somatic mosaicism 
within each organ [5]. Myotonic dystrophy type 2 is caused by a quadruplet repeat 
expansion of a complex repeat motif (TG)n(TCTG)n(CCTG)n in the first intron of 
the CNBP (cellular nucleic acid-binding protein; previously ‘ZNF 9’, zinc finger 
protein 9) gene [6].

18.3  Clinical Features of Myotonic Dystrophy Type 1 and 2

Myotonic dystrophy can affect skeletal and smooth muscle. Skeletal muscle involve-
ment in DM1 is characterized by myotonia or muscle stiffness, which predomi-
nantly affects limb muscles but can involve face, jaw, tongue and swallowing. 
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Skeletal muscle can also degenerate or become “dystrophic” which may cause 
muscle weakness on the face, swallowing, neck, finger flexors and ankle dorsiflex-
ors. In contrast, the weakness in DM2 typically affects proximal muscles, including 
the neck, elbow extension and hip flexors [7]. DM2 patients commonly have promi-
nent muscle pain in comparison with DM1. Respiratory failure caused by respira-
tory muscle weakness, especially the diaphragm, is common in myotonic dystrophy 
type 1 and is associated with early mortality. The gastrointestinal tract can also be 
involved usually causing symptoms similar to irritable bowel syndrome. Endocrine 
abnormalities commonly seen in DM1 include insulin resistance, as well as distur-
bances of the thyroid, hypothalamus and gonads.

18.4  Cardiac Involvement in Myotonic Dystrophy 
Type 1 and 2

The heart is one of the most significant organs to be involved in myotonic dystrophy, 
and clinically usually manifests with arrhythmias. In one 10-year follow-up study of 
DM1 patients [8], the mean age of death was 53 years. There was a positive correla-
tion between age of onset and age at death with 30% of the deaths due to cardiac 
complications. The cardiac abnormalities included sudden unexpected death, pre-
sumed to be due to asystole after atrioventricular block or from a ventricular tachyar-
rhythmia. A comparison of the cardiac defects between DM1 and DM2 patients 
suggested that cardiac abnormalities were more frequent in DM1 but were still pres-
ent in DM2 [9].

Conduction abnormalities are found in 30–75% of DM1 patients [10]. They are 
pathologically associated with myocyte hypertrophy, fibrosis, focal fatty infiltra-
tion, and also lymphocytic infiltration, which can occur anywhere along the conduc-
tion system, including the His-Purkinje system [11]. As a consequence, an 
arrhythmia can be generated at any point in the conduction system. There is con-
flicting evidence on the relationship between CTG repeat size and degree of cardiac 
involvement. Earlier studies found no correlation between ECG or electrophysio-
logical abnormalities during invasive testing and DNA mutation size [12]. More 
recent studies have found a direct linear correlation between CTG length and all 
measured characteristics of cardiac conduction including PR and QRS intervals [13, 
14]. A correlation between the length of tetranucleotide repeat and cardiac defects 
has also been described in DM2, however, no relationship between repeat expansion 
size and other phenotypic features has been described.

18.5  Bradyarrhythmias

Cardiac involvement initially manifests as asymptomatic electrocardiographic 
(ECG) abnormalities, which are usually prolongation of the PR interval and QRS 
duration and have been reported in 65% of DM1 patients [13]. Severe abnormali-
ties on the ECG, such as a non sinus rhythm, PR interval of greater than 240 ms, 
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QRS duration of greater than 120 ms, or second and third degree atrioventricular 
block, are an independent predictor, with moderate sensitivity, of sudden death in 
patients with DM1 [10]. Age, degree of skeletal muscle impairment and male 
gender were correlated with PR prolongation. A prolonged PR interval also cor-
related with the distribution and extent of conduction-system lesions found at 
autopsy [12, 15]. Prolongation of the PR segment occurs in approximately 
20–40% of DM2 patients [16].

18.6  Tachyarrhythmias

18.6.1  Atrial

Sinus-node dysfunction can manifest as supraventricular tachycardias such as atrial 
fibrillation, atrial flutter, and atrial tachycardia. Atrial tachyarrhythmias indepen-
dently predict both sudden death and death from progressive neuromuscular respi-
ratory failure. This likely reflects the presence of atrial fibrosis indicative of 
conduction involvement and an increased risk of sudden death [10, 17].

18.6.2  Ventricular

Although ventricular arrhythmias are probably less common in myotonic dystro-
phy, they are much more likely to become unstable and potentially life threatening. 
Ventricular arrhythmias include monomorphic ventricular tachycardia, polymor-
phic ventricular tachycardia, and ventricular fibrillation. There are several mecha-
nisms that can lead to ventricular arrhythmias, including fibro-fatty degeneration of 
myocardium or the fascicles serving as a catalyst for re-entry within the ventricular 
wall or fascicular re-entry, respectively [16]. DM patients are predisposed to bundle 
branch re-entry ventricular tachycardia (BBRVT) because a diseased conduction 
system is essential to this mechanism [18]. This results from a macro re-entry 
between the left and right fascicles. Generally, BBRVT makes up only 6% of mono-
morphic ventricular tachycardias. If present however, morbidity is significant as 
75% of patients that have inducible BBRVT will present with either with syncope 
or sudden cardiac death.

Late potentials, which are low amplitude signals usually greater than 36 ms seen 
at the end of the QRS complex, may also be evident in DM1. They are an expression 
of delayed myocardial activation of the His-Purkinje system and usually caused by 
an abnormal conduction system. Late potentials are considered predictors of ven-
tricular arrhythmias [19].

18.6.3  Cardiomyopathy

Structural cardiomyopathy is present in both DM1 and DM2 [20]. However, symp-
toms of heart failure are infrequent because of the reduced mobility and difficulties 
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in reporting symptoms caused by cognitive deficits. This is illustrated in one study 
of 400 DM patients that found some form of structural heart disease in 20% of 
patients, but only 2% of the patients had overt symptoms of heart failure [21]. The 
existence of a myocardial equivalent of skeletal muscle myotonia (myocardial myo-
tonia) has been suggested by assessment of diastolic function by echo Doppler 
parameters [22], however myocardium does not express the skeletal muscle chlo-
ride channel whose mis-splicing is probably the cause of skeletal muscle myotonia 
in DM1. Microvascular dysfunction has also been described in DM1 patients suffer-
ing from chest pain, exhibiting a positive thallium scan and normal coronary arteries 
[23]. Regional wall abnormalities can be seen on echocardiogram but usually repre-
sents non-ischaemic fibrosis. Mitral valve prolapse has been reported in 25–40% of 
most DM1 series [24]. Hypertrophic cardiomyopathy has only been described in 
case reports.

18.6.4  Investigations

We recommend a yearly ECG and at least a five yearly echocardiogram are per-
formed as a minimum in all patients with DM1 and 2 [25]. The frequency of ECHO 
has been debated especially since clinical manifestation of Cardiac failure is uncom-
mon. Medications used to improve myotonia, such as mexiletine, and excessive 
daytime sleepiness, such as modafinil, may also increase the risk of arrhythmias and 
cardiac surveillance should be more frequent in these patients.

If an ECG abnormality is detected, such as marked prolongation of the PR inter-
val (>240 ms), QRS complex (>120 ms), any form of conduction block, any tachyar-
rhythmia or if the patient develops cardiac symptoms, such as pre-syncope and 
palpitations, then cardiology referral is advised. More prolonged cardiac monitor-
ing to detect arrhythmias may be required including non-invasive Holter monitoring 
or invasive monitoring, such as the Reveal or LINQ devices.

18.6.5  Electrophysiological Studies (EPS)

We would recommend that patients with any of the electrocardiographic or cardiac 
clinical features described above, should be considered for EPS. This “invasive” 
strategy has been found to be associated with a higher rate of 9-year survival than a 
‘non-invasive” strategy i.e. no EPS [26]. However the strategy did not lead to an 
improvement in overall mortality because of increased mortality from other disor-
ders such as respiratory failure. Therefore, our opinion is that EPS studies in at risk 
patients is necessary but probably not sufficient. In our experience, infra-hisian con-
duction may be abnormal in the absence of ECG abnormalities and the role of EPS 
in the context of a normal ECG is still under debate. In favour of an invasive strategy 
is that patients usually undertake cardiac testing at rest, and it is the onset of signifi-
cant exertion that may promote unstable arrhythmias. In one study, 18% of patients 
with a normal 24-h Holter monitor had inducible ventricular tachyarrhythmias on 
EPS [12].
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18.7  Echocardiography and Cardiac MRI

Although death from heart failure due to cardiomyopathy is rare in DM, left ven-
tricular dysfunction is associated with increased mortality and sudden death. Two- 
dimensional echocardiography has been the study of choice, both in the initial 
work-up of DM patients and surveillance patients with symptoms of heart failure. 
Cardiac MRI due to its greater sensitivity and reproducibility than echocardiogra-
phy may be a more accurate method of monitoring in the future. DM1 patients show 
a number of cardiac MRI features including left ventricular systolic dysfunction, 
ventricular dilatation, myocardial hypertrophy and fibrosis. These MRI features are 
strongly correlated with ECG conduction abnormalities although one study sug-
gested 16% of patients with normal ECGs, had cardiac MRI features of DM1 [27].

18.8  Management

We would recommend that all DM patients with prolonged PR (>240 ms) or QRS 
interval (>120 ms), first degree or Mobitz type 1 heart block should be considered for 
assessment by EPS because of the risk that these earlier manifestations of cardiac 
disease are likely to lead to the development of more significant clinical features.

If a prolonged His-Ventricle or HV interval is assessed at EPS (>70 ms), a deci-
sion may be taken for prophylactic insertion of a permanent pacemaker [25]. As 
with the general population, Mobitz type 2 or third degree atrioventricular heart 
block are indications for PPM placement.

Pharmacological therapy for atrial tachyarrhythmias should be used with cau-
tion, as AV block is also a feature in myotonic dystrophy. Beta blockers and amioda-
rone are likely to be safe in DM but flecainide, quinidine and disopyramide should 
be avoided [28]. Supraventricular and ventricular tachyarrhythmias may be success-
fully treated with radiofrequency ablation [29].

In DM1, abnormal late potentials are an expression of conduction disease, and 
represent an important non-invasive clue to the presence of a prolonged HV inter-
val. QRS duration ≥100 ms and low amplitude signals in the last 40 ms of QRS 
complex ≥36 ms can predict a prolonged HV interval at EPS with good sensitivity 
and specificity (80% and 83.3%, respectively) [10]. A prolonged HV interval con-
tributes to BBRVT, which is important to recognise as it may be successfully treated 
with radiofrequency ablation [16].

Biventricular failure caused by DM can be treated with cardiac resynchronisation 
therapy via biventricular pacing [30], although in clinical practice, symptomatic car-
diac failure is uncommon. Figure 18.1 summarises our suggested management plan.

 Conclusions
Myotonic dystrophy type 1 is the most common form of adult-onset muscular 
dystrophy. DM type 1 and 2 are multi-system disorders that often affect the heart 
and cardiac causes contribute approximately 30% of all case mortality. The path-
ological involvement of the His-Purkinje system is the commonest clinical 
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Cardiac management of myotonic dystrophy

Bradyarrhuthmias Tachyarrhythmias Myotonc Heart Disease

1st/2nd/3rd degree heart block
Left bundle branch block
Bifascicular block

Atrial fibrillation/flutter/tachycardia
Monomorphic/polymorohic VT
Bundle branch re-entrant VT
Ventricular fibrillation

Myocardial myotonia
Left ventricular failure
Biventricular failure
Cardiomyopathy

Echocardiogram
Cardiac MRI

ECG
24 hour Holter monitoring/Reveal device
Electrophysiological study

Permanent pacemaker and/or implantable cardiac defibrillator
and/or radiofrequency ablation Biventicular pacing

Fig. 18.1 Flow chart of the common cardiac manifestations of myotonic dystrophy, their investi-
gation and management

 manifestation of DM heart involvement and causes atrial and ventricular brady 
and tachyarrhythmias.
We recommend regular cardiac surveillance, even in asymptomatic patients, 
with at the least yearly ECG monitoring. Electrophysiological studies are an 
invasive tool in assessing the cardiac conduction system, which we would rec-
ommend in any patient with ECG or clinical evidence of His-Purkinje system 
involvement. Based on data derived from patients with ischaemic heart disease, 
there should be consideration of insertion of a permanent pacemaker if the patient 
has an HV interval of greater than 70 ms. Future studies need to clarify which 
patients groups are at most risk of significant life-threatening arrhythmia so that 
appropriate, but potentially invasive, surveillance and management can be tar-
geted at the correct populations of patients.
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19Marfan Syndrome and Related Disorders

John C.S. Dean and Bart Loeys

Abstract
Marfan syndrome is the best known of the hereditary aortopathies, but its clinical 
variability and multisystem involvement often make diagnosis and management 
challenging. The skeletal and ocular findings overlap with other conditions, but 
FBN1 genetic testing and clinical assessment using the Ghent nosology is rec-
ommended. Loeys Dietz Syndrome is a related aortopathy, associated with 
changes in other genes in the same pathway (TGFBR1, TGFBR2, SMAD3, 
TGFB2, TGFB3 and SMAD2). Features such as cleft palate, bifid uvula, hyper-
telorism, craniosynostosis and osteoarthritis and the absence of ectopia lentis 
suggest Loeys Dietz. Trial evidence suggests that beta-blockers and angiotensin 
2 receptor blockers delay dilatation of the Marfan aorta. Regular imaging is 
required to determine the timing of prophylactic aortic root surgery. Management 
of Loeys Dietz Syndrome follows similar principles, except that drug therapy has 
not been proven in trials, and more widespread imaging of the arterial tree and 
earlier surgery is recommended.

Keywords
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19.1  Introduction

Concern about a diagnosis of Marfan syndrome is usually raised in one of three 
clinical scenarios: the tall thin patient with arachnodactyly, joint hypermobility, 
pectus deformity or scoliosis, the patient with ectopia lentis, and the patient present-
ing with ascending thoracic aortic aneurysm with or without aortic, mitral or other 
valve disease. These clinical scenarios often overlap, and this clinical variability is 
a hallmark of Marfan syndrome, an autosomal dominant connective tissue disorder 
which can also have effects on the lungs, the skin and the dura mater. The various 
features are described in the Ghent nosology, which is commonly used to diagnose 
the condition. The overwhelming majority of cases are associated with mutation in 
the FBN1 gene on chromosome 15, but there are pathogenic links between the fibril-
lin- 1 protein and other proteins such as the transforming growth factor beta recep-
tors (TGFBR) 1 and 2. Some Marfan-like cases without lens involvement have been 
reported to have mutations in one of these genes rather than FBN1. To complicate 
the picture further, some rare FBN1 mutations appear to have a mild effect and are 
found in patients who have some features of Marfan syndrome but do not fulfil the 
accepted diagnostic criteria. Such patients have been described as having a fibrilli-
nopathy, because they do not fulfil the Marfan syndrome diagnostic criteria. 
Mutations in genes encoding components of the TGFbeta signalling cascade 
(TGFB2/3, TGFBR1/2 and SMAD2/3) cause the related condition, Loeys-Dietz syn-
drome and these and other genes have recently been associated with a range of 
disorders from syndromic to isolated familial thoracic aortic aneurysm. In this chap-
ter, we will discuss the diagnosis and management of Marfan syndrome, the evolv-
ing knowledge of genetic causes of thoracic aortic aneurysm and the implications of 
knowledge about Marfan management for these disorders.

19.2  Historical Background

Marfan syndrome is named after Antoine Bernard-Jean Marfan, a French paediatri-
cian, who described a 5 year old girl (Gabrielle P) with long thin limbs, particularly 
noticeable in the fingers and toes, in an article published in Paris in 1896 [1]. He 
named this combination of skeletal findings dolichostenomelia. Gabrielle also had 
joint contractures and scoliosis. In 1902, Achard described an older patient with 
some similar features which were familial, and in 1912 and 1914 respectively, car-
diac and ocular findings were added to the syndrome [2]. It is no longer certain 
whether Marfan’s original patient had the condition which bears his name—it is 
now believed that she suffered from a Marfan-related condition, called Beals syn-
drome or congenital contractural arachnodactly. In 1955, McKusick described 
Marfan syndrome as a heritable disorder of connective tissue, and noted its vari-
ability [3], laying the foundations for later clinical and molecular descriptions of the 
condition. Histochemical studies and a positional cloning approach led to the iden-
tification of mutation in the fibrillin-1 gene as the usual cause of Marfan syndrome 
in 1991 [4]. In 1993, a large French family with a Marfan-like disorder was described 
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where the condition showed linkage to chromosome 3 rather than fibrillin-1 [5, 6], 
but the issue of whether Marfan syndrome displays locus heterogeneity remained 
controversial. In 2005, coinciding with the discovery of TGFΒR2 mutations in the 
related Loeys-Dietz syndrome [7], mutation in TGFΒR2 on chromosome 3 was also 
found to underlie the so-called “non-ocular” form of Marfan syndrome, sometimes 
designated Marfan syndrome type 2 [8].

19.3  Defining Marfan Syndrome

Marfan syndrome (MIM 154700) as currently defined is a variable, autosomal dom-
inant disorder of connective tissue whose cardinal features affect the cardiovascular 
system, eyes, and skeleton. The minimal birth incidence is around 1 in 9800 [9], and 
the prevalence may be around 1/5000 [10]. Progressive aortic dilatation, typically 
maximal at the sinus of Valsalva, associated with aortic valve incompetence leads to 
aortic dissection or rupture and is the principal cause of mortality in many cases, but 
mitral valve prolapse with incompetence may be significant, and lens dislocation, 
myopia, and arthralgia associated with chronic joint laxity can cause substantial 
morbidity. The most common clinical presentations are personal or family history 
of lens subluxation, personal or family history of aortic dissection or rupture, or in 
a young person with a tall, thin body habitus, long limbs, arachnodactyly, pectus 
deformities and sometimes scoliosis (Figs. 19.1 and 19.2). In each case, other find-
ings in the clinical picture such as a high arched palate with dental crowding, skin 
striae distensae, recurrent hernia or recurrent pneumothorax may increase suspi-
cion. Family history may be helpful, but around 27% of cases arise from new muta-
tion [11]. Between 66 and 91% of bona fide Marfan syndrome patients have an 
identifiable FBN1 mutation [12, 13], but FBN1 mutations also cause some Marfan- 
like disorders or fibrillinopathies with a better prognosis, such as MASS phenotype, 
(MIM 604308, Mitral valve prolapse, mild non-progressive Aortic dilatation, Skin 
and Skeletal features), or isolated Ectopia Lentis, (MIM 129600) [10]. In addition, 
mutations in the TGF beta receptor 2 (TGFΒR2) gene on chromosome 3 and in the 
TGFBR1 gene on chromosome 9 cause Loeys Dietz Syndrome (OMIM 609192 and 
610168) [7, 14] which can closely resemble Marfan syndrome, but without ectopia 
lentis [8, 15–17]. More recently mutations in TGFB2, TGFB3, SMAD2 and SMAD3 
were also associated with Marfan/Loeys-Dietz like clinical presentations, often 
with familial aortic aneurysm and variable syndromic features (including for exam-
ple, cleft palate, bifid uvula, hypertelorism, craniosynostosis, and for SMAD3, 
osteoarthritis) [18]. TGFΒR2 mutations at the R460 codon have also been described 
in families with non-syndromic familial thoracic ascending aortic aneurysm [19, 
20] (FTAA3, OMIM 608967). Careful clinical assessment of patients with sus-
pected Marfan syndrome is therefore essential to achieve an accurate clinical diag-
nosis, interpret genetic testing results correctly in a patient and their family, provide 
prognostic information and decide management options. To this end, the various 
features were codified in 1988 into the so-called Berlin criteria, revised as the Ghent 
nosology in 1996 [21] and revised again in 2010 [22]. Patients who can be 
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diagnosed as affected using this nosology are likely to be at greater risk of cardio-
vascular complications, and need regular follow-up with prophylactic medical and 
surgical treatment, and lifestyle advice. The 2010 nosology can provide pointers to 
alternative genetic aetiologies. As the nosology is complex, it may be helpful to use 
an integrated care pathway in the clinic [23].

19.3.1  Diagnosis of Marfan Syndrome Using the Revised (2010) 
Ghent Nosology

There are five essential elements to the assessment of a patient for possible Marfan syn-
drome in the revised Ghent nosology [24]. These are family history, ectopia lentis, aortic 
dilatation or dissection, a so-called systemic score made up from the other features of 
Marfan syndrome, and the genetic test findings. In an adult, a diagnosis of Marfan 

a b

Fig. 19.1 (a) 13 year old boy with lens subluxation, skeletal system involvement and mild aortic 
root dilatation. He therefore fulfils the Ghent criteria on clinical findings alone. (b) 6 year old boy 
with skeletal system involvement and mild aortic root dilatation. His father died from an aortic 
dissection, but had never been evaluated using the Ghent nosology. A nonsense mutation in exon 
54 of fibrillin 1 was detected in the boy allowing a diagnosis of Marfan syndrome to be confirmed, 
and appropriate follow-up and management to be arranged
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syndrome can be made if two elements of the assessment are positive in various combi-
nations [Table 19.1], and the nosology also provides for the diagnosis of some other 
disorders when different criteria are met. Not all eventualities are covered in the pub-
lished nosology, but the algorithms in Fig. 19.3 try to fill these gaps. In younger people, 
the algorithm is slightly simpler, to take account of the age dependent penetrance of 
some features (Fig. 19.4) [26, 27]. As Marfan syndrome cannot be excluded with confi-
dence in many younger people, repeat evaluations should be offered (for example, at 
least at ages 5, 10 and 15 years) until age 20. The cardiovascular assessment requires 
measurement of the aortic diameter at the Sinuses of Valsalva, usually by transthoracic 
echocardiography (Fig. 19.4), and comparison with normal values based on age, gender, 
and body surface area, calculated from height and weight (Fig. 19.5) [21, 28–31]. The 
deviation from the normal range is usually expressed as a z-score [32]. Other imaging 
techniques such as transoesophageal echocardiography, or MRI scanning (Fig. 19.6) 
may be helpful in some cases [33], including those with severe pectus deformity. A 
pelvic X-ray to detect protrusio acetabulae [34], and lumbar MRI scan for dural ectasia 
should be carried out only if a positive finding would affect the diagnosis (i.e. result in 
the systemic score reaching 7 or higher). Ocular evaluation for myopia (due to increased 
globe length, measured by ultrasound), corneal flattening (measured by keratometry), 
hypoplastic iris or iris muscle and lens subluxation requires ophthalmology 
assessment.

a b

Fig. 19.2 Arachnodactyly. (a) Positive Steinberg thumb sign: entire thumb nail protrudes beyond 
ulnar border of hand. (b) Positive Walker-Murdoch wrist sign: thumb and fifth finger overlap when 
encircling the wrist. Both signs must be present to diagnose arachnodactyly
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The differential diagnosis of a tall young person with Marfan-like skeletal fea-
tures includes homocystinuria (MIM 236300), Beals syndrome or congenital con-
tractural arachnodactyly (MIM 121050), Marshall-Stickler syndrome (MIM 
108300, 604841, 184840), Ehlers-Danlos syndrome (MIM 130050), and MASS 
phenotype (MIM 604308). Where there is a family history of aortic aneurysm, 
Familial Thoracic Aortic Aneurysm (FTAA) should be considered (MIM 607086, 
other features of Marfan syndrome—mainly skeletal —may or may not be present). 
Additional clinical findings may suggest other disorders—bicuspid aortic valve and 
FTAA type 1 (MIM 607086), craniosynostosis, intellectual impairment and 
Shprintzen-Goldberg syndrome (MIM 182212), arterial tortuosity or widespread 
aneurysms, hypertelorism, bifid uvula/cleft palate, craniosynostosis, visceral rup-
ture, joint hypermobility, thin skin with atrophic scarring, and Loeys-Dietz syn-
drome [14] or intellectual impairment, velopharyngeal insufficiency and Lujan-Fryns 
syndrome (MIM 309520). The initial evaluation of patients with possible Marfan 
syndrome requires a multi-disciplinary approach including clinical genetics, cardi-
ology, ophthalmology and radiology. Deciding when to refer a patient for such an 
assessment may be facilitated by using the “seven-signs” score (Table 19.2), which 
is much simpler to administer in a busy clinic [35]. Referral for further evaluation 
should be considered for anyone in the moderate or high risk groups.

19.3.2  Using the Ghent Criteria in the Clinic

Assessment of a patient using the Ghent 2010 nosology is simpler than using the 
1996 nosology, which required assessment of 30 features. In Ghent 2010, a diagno-
sis of Marfan can be achieved in the presence of only two findings: aortic dilatation 
and ectopia lentis or aortic dilatation and an FBN1 mutation. A comparison of the 
two nosologies in the same group of 1009 patients suggested that slightly fewer are 
diagnosed by the Ghent 2010 nosology, which the authors attributed to diagnosis of 
some cases as Isolated Ectopia Lentis, and MASS phenotype in Ghent 2010, who 
would have been diagnosed as Marfan in Ghent 1996 [36]. In addition, some patients 
can be diagnosed as Marfan under the 2010 criteria, who would not have been so 
diagnosed under 1996, because they had fewer extra cardiac or ocular features. 
Neither nosology correlates completely with the likelihood of finding an FBN1 
mutation: for example, a study of patients reported to the Fibrillin-1 Universal 
Marfan Database [37] demonstrated that FBN1 mutations are sometimes found in 

Table 19.1 The Ghent 2010 nosology—diagnosis of Marfan requires 2 positive elements

Element Finding
Cardiovascular Aortic dilatation/dissection
Eyes Ectopia lentis

Systemic score ≥7 Score of 14 additional clinical features (Table 19.2)
Skeletal, skin, respiratory, dural ectasia, myopia, mitral valve prolapse

Family history Unequivocally affected relative
Genetic testing FBN1 mutation known to cause Marfan

J.C.S. Dean and B. Loeys



595

Fig. 19.3 Algorithms for applying the Ghent 2010 nosology in the clinic. (a) adults. Note: Ao 
z ≥ 2 means Aortic Sinus Diameter Cornell z score > 2 or Aortic dissection/aneurysm. FBN1 muta-
tion (Ao) means Fibrillin 1 mutation known to be associated with aortic dilatation. *Outcome/
feature not part of 2010 Ghent Nosology as published. (b) young people under the age of 20 years. 
Note: Young people (<20 years) with no family history, systemic score <7, aortic root z < 3 and no 
FBN1 mutation may be diagnosed “non-specific connective tissue disorder” and followed up until 
adult. Young people (<20 years) with an FBN1 mutation but aortic root z < 3 may be diagnosed 
“potential Marfan syndrome”. Young people (<20 years) with a positive family history, but who 
fall into the “Not yet diagnosed” category should be followed up and periodically re-evaluated at 
least until age 20
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Fig. 19.4 Diagram of the 
aortic root as seen at 
echocardiography. The 
aortic diameter should be 
measured at the aortic 
annulus (1), the sinuses of 
Valsalva (2), the supra-
aortic ridge (3), and the 
proximal ascending aorta 
(4). In Marfan syndrome, 
dilatation usually starts at 
the sinuses of Valsalva, so 
this measurement is 
critical in monitoring the 
early evolution of the 
condition. Diameters must 
be related to normal values 
for age and body surface 
area. After Roman et al. 
[25] with permission
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Fig. 19.5 Nomograms displaying the upper limit of normal for the Sinuses of Valsalva and 
Ascending Aortic diameters as a function of Body Surface Area, age and gender. [28] Body surface 
area (BSA) is calculated using the Du Bois and Du Bois formula: BSA (m2) = BSA = (Weight (kg) 
0.425 × Height (cm) 0.725) × 0.007184 [29]
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patients who do not apparently fulfil the 1996 nosology. However, the clinical infor-
mation available for the cases reported is incomplete—some may have fulfilled the 
nosology with more extensive clinical investigation, and the risk of aortic dilatation 

Fig. 19.6 Parasagittal cine 
magnetic resonance 
angiogram (MRA) 
showing dilated aortic root 
but with normal upper 
ascending, arch and 
descending aorta in a 
young adult

Table 19.2 The Ghent 2010 nosology—systemic score

Feature Score
Wrist and thumb signs Both present 3

One present only 1
Pectus carinatum 2
Pectus excavatum/chest asymmetry 1
Hindfoot deformity Hindfoot valgus 

and pes planus
2

Pes planus alone 1
Protrusio acetabuli 2
Reduced ULSR* AND span/height ratio >1.05 (but no severe 
scoliosis)

1

Scoliosis or thoracolumbar kyphosis 1
Reduced elbow extension 1
3 or more facial features (dolichocephaly, enopthalmos, 
downslanting palpebral fissures, malar hypoplaisa, retrognathia)

1

Skin striae 1
Pneumothorax 2
Dural ectasia 2
Myopia >3 diopters 1
Mitral valve prolapse 1

Key: *ULSR upper to lower segment ratio <0.85 in white adults, <0.78 in black adults; in children 
aged 0–5 years <1, 6–7 years <0.95, 8-9 years <0.9, 10 years and over, <0.85
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in these “Ghent negative” cases with FBN1 mutations is uncertain. Some FBN1 
variants are of uncertain clinical significance—only variants where there is evi-
dence that they cause aortic dilatation should be used to make a diagnosis in the 
Ghent nosology [35]. The Scottish care pathway and clinical guideline were devised 
to make the use of the 1996 nosology more practical in the clinic—any degree of 
scoliosis is accepted, as is any degree of myopia, and X-ray for protrusio acetabulae, 
MRI for dural ectasia, and FBN1 gene testing are each required only if a positive 
result would ensure a diagnosis of Marfan syndrome through the nosology [38]. 
These principles can also be applied in Ghent 2010, and the algorithms shown in 
Fig. 19.3 can be used as part of a diagnostic care pathway for adults and children 
using this nosology. The algorithms fill some gaps in the outcomes of the original 
description, and suggest that when there is a family history of Marfan syndrome, the 
presence of the causative FBN1 mutation in a relative is sufficient to make the diag-
nosis. FBN1 gene testing in the index case may therefore be offered to enable test-
ing of relatives as well as to support the original diagnosis (Tables 19.3 and 19.4).

Table 19.3 “Seven signs” of 
Marfan

Feature Score
Family history of Marfan syndrome 2
Previous thoracic aortic surgery 1
Pectus excavatum 1
Wrist and thumb signs 1
History of pneumothorax 1
Skin striae 1
Ectopia lentis 4

Probability of Marfan syndrome: ≤1 point, low: 2 or 3 
points, medium: ≥4 points, high

Table 19.4 Key issues in the assessment of Marfan syndrome

• Diagnosis or exclusion of Marfan syndrome in an individual should be based on the Ghent 
diagnostic nosology
• The initial assessment should include a personal history, detailed family history, and clinical 
examination including ophthalmology examination and transthoracic echocardiogram
• The aortic diameter at the Sinus of Valsalva should be related to normal values based on age 
and body surface area
• The development of scoliosis and protrusio acetabulae is age dependent, commonly 
occurring following periods of rapid growth. X-ray for these features, depending on age, if a 
positive finding would make the diagnosis of Marfan syndrome
• A pelvic MRI scan to detect dural ectasia is indicated if a positive finding would make the 
diagnosis of Marfan syndrome
• The Ghent nosology cannot exclude Marfan syndrome in children, because of the age 
dependent penetrance of many features
• Younger patients with a positive family history but unsuccessful DNA testing and insufficient 
clinical features to fulfil the diagnostic criteria, and younger patients with no family history 
who miss fulfilling the diagnostic criteria by one element only, should be offered further 
clinical evaluations at least until age 20, or until a diagnosis can be made
• Family history of aortic aneurysm may represent a disorder such as Familial Thoracic Aortic 
Aneurysm, where the use of the Ghent nosology to assess risk in relatives is inappropriate
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19.4  Molecular Pathology of Marfan Syndrome 
and Related Disorders

Classical Marfan syndrome is associated with mutation in FBN1, which encodes 
fibrillin-1, an important component of the elastic microfibril. Fibrillin-1 is a 
350 kD glycoprotein, synthesized as a 375 kD precursor which is processed and 
secreted into the extra-cellular matrix (ECM). It polymerises to form microfibrils 
and helps to stabilise latent transforming growth factor β binding proteins (LTBPs) 
in the ECM [39]. LTBPs hold transforming growth factor β (TGF-β) in an inactive 
state [15]. A failure of the interaction between fibrillin-1 and LTBPs may result in 
excess TGF-β signalling [40]. Most fibrillin-1 mutations are missense, suggesting 
a dominant negative effect on microfibrillar assembly. Ectopia lentis tends to be 
associated with missense mutations causing cysteine substitutions within the epi-
dermal growth factor (EGF)—like domains of the protein, but nonsense and 
frameshift mutations are seen in other cases, suggesting that while cysteine resi-
dues are important to the function of the suspensory ligament of the eye, either 
abnormal fibrillin-1 or reduced amounts of fibrillin-1 (haploinsufficiency) may 
cause other aspects of the Marfan phenotype [41]. In keeping with this hypothesis, 
protein truncating mutations tend to be associated with more severe skeletal and 
skin involvement, but are less common in cases with ectopia lentis [42]. Marked 
variability in severity has been documented—different mutations in the same 
codon can cause either severe neonatal Marfan syndrome, or classical adult 
Marfan syndrome. Similarly, mutations in the central region of the gene (exons 
24–32), sometimes called the “neonatal region”, may be associated with pheno-
types ranging from severe neonatal Marfan syndrome to isolated ectopia lentis 
[10, 13, 15], although in general mutations in this region are associated with more 
severe disease [42]. Although it was thought that abnormalities of microfibril 
structure might play an architectural role in causing the Marfan phenotype, it is 
now clear that the role of fibrillin-1  in regulation of TGF-β signalling may be 
more pertinent. The discovery of TGFΒR1 and TGFΒR2 mutations in Loeys-Dietz 
syndrome, a Marfan related condition supports this, as does evidence from mouse 
models [15, 43]. TGFBR1 or 2 mutations in humans are also associated with loss 
of elastin fibres, and fibre disarray. Although the TGFBR1 and 2 mutations 
described so far are loss of function mutations, increased TGFβ signalling was 
found in patient tissues and Marfan mouse models, and TGFβ blockade by neu-
tralising antibodies or angiotensin 2 type 1 (AT1) receptor blockers rescues the 
model phenotypes [7, 15, 44]. The pathogenic process must involve a complex 
disruption of TGFβ signalling yet to be fully elucidated.

19.5  Aspects of Clinical Management in Marfan Syndrome

Although clinical management of many genetic disorders is not backed by 
extensive trials and case series [23], there are a large number of published stud-
ies of Marfan syndrome, which were reviewed in the development of the 
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Scottish Marfan guideline. Some of the key studies will now be discussed, to 
provide a flavour of the evidence and dilemmas that influence Marfan manage-
ment today.

19.5.1  Cardiovascular System in Marfan Syndrome

Cardiovascular complications of Marfan syndrome include mitral valve prolapse 
and regurgitation, left ventricular dilatation and cardiac failure, pulmonary artery 
dilatation, but aortic root dilatation is the most common cause of morbidity and 
mortality. Aortic valve incompetence usually arises in the context of a dilated aortic 
root, and the risk of aortic dissection (Fig. 19.6) increases when the diameter at the 
sinus of Valsalva exceeds 5 cm [31, 45], when the aortic dilatation is more exten-
sive, when the rate of dilatation exceeds 1.5 mm per year, and where there is a fam-
ily history of aortic dissection [45–48]. Myocardial infarction may occur if an aortic 
root dissection occludes the coronary ostia. Marfan syndrome mortality from aortic 
complications has decreased (70% in 1972, 48% in 1995) and life expectancy has 
increased (mean age at death 32 ± 16 years in 1972 versus 45 ± 17 years in 1998) 
[11] associated with increased medical and surgical intervention (Table 19.5).

The Marfan aorta is characterised by elastic fibre fragmentation and disarray, 
paucity of smooth muscle cells, and deposition of collagen and mucopolysaccharide 
between the cells of the media. These appearances are sometimes described as “cys-
tic medial degeneration” although there are no true cysts present. This finding is not 
specific for Marfan syndrome and can also be found in other conditions such as 
LDS, FTAA and BAV with FTAA. Mucopolysaccharide deposition in the valves 
may cause valve leaflet thickening. Elastic fibre degeneration in the aorta is associ-
ated with reduced distensibility in response to the pulse pressure wave. This abnor-
mal aortic compliance can be detected at any age by echocardiography [49] or gated 
MRI scanning [50], although it is less marked in children. Reduction of the systolic 

Table 19.5 Key issues in cardiovascular management

• Beta blocker therapy should be considered at any age if the aorta is dilated, but prophylactic 
treatment may be more effective in those with an aortic diameter of less than 4 cm. 
Angiotensin receptor blockade is an alternative

• Risk factors for aortic dissection include aortic diameter greater than 5 cm, aortic dilatation 
extending beyond the sinus of Valsalva, rapid rate of dilatation (>5% per year, or 1.5 mm/
year in adults), and family history of aortic dissection

• At least annual evaluation should be offered, comprising clinical history, examination and 
echocardiography. In children, serial echocardiography at 6–12 month intervals is 
recommended, the frequency depending on the aortic diameter (in relation to body surface 
area) and the rate of increase

• Prophylactic aortic root surgery should be considered when the aortic diameter at the Sinus 
of Valsalva exceeds 5 cm

• In pregnancy, there is an increased risk of aortic dissection if the aortic diameter exceeds 
4 cm. Frequent cardiovascular monitoring throughout pregnancy and into the puerperium is 
advised
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ejection impulse by beta-blockers might be expected to reduce the risk of aortic dis-
section in Marfan syndrome [48]. Studies in turkeys prone to aortic dissection 
showed improved survival with propranolol and two trials in Marfan patients (a 
randomised trial of propranolol therapy and a retrospective historically controlled 
trial of propranolol or atenolol therapy) demonstrated a reduced rate of aortic dilata-
tion and fewer aortic complications in the treatment group [48, 51]. Some patients 
respond better than others, responders tending to be younger and showing improved 
aortic distensibility, reduced pulse wave velocity, smaller pre-treatment aortic diam-
eters (less than 4 cm in one study) [46, 48, 49, 51–53]. Poor response may be associ-
ated with more extensive elastic fibre degeneration, either due to a more severe 
mutation, or more advanced disease. Beta-blockade should therefore be considered 
in all Marfan patients, including children. Some patients may not tolerate beta- 
blockers, and alternative drugs which reduce the ejection impulse such as calcium 
antagonists [54], and angiotensin-converting enzyme (ACE) inhibitors have been 
considered. ACE inhibitors also reduce vascular smooth muscle cell apoptosis 
in  vitro through an angiotensin II type 2 (AT2) receptor dependent mechanism 
(apoptosis is implicated in the cystic medial degeneration seen in the Marfan aorta 
[55]). This theoretical benefit may be in addition to any haemodynamic effects. 
Enalapril improved aortic distensibility and reduced the rate of aortic dilatation 
compared with beta-blockers in one small clinical trial in children and adolescents 
[56]. In a mouse model, the angiotensin II type 1 (AT1) receptor antagonist losartan 
reduced aortic growth rate, and prevented elastic fibre degeneration, presumably 
through effects on TGFβ signalling as well as haemodynamic effects, although 
angiotensin II also stimulates Smad-2 dependent signalling in vascular smooth mus-
cle cells and vessel wall fibrosis by an AT1 receptor dependent but TGFβ indepen-
dent mechanism [44]. Furthermore, recent studies in another mouse model suggest 
that while losartan protects the aorta at any stage, neuralisation of TGFβ signalling 
using a monoclonal antibody exacerbates arterial disease if given early on, before 
the aneurysm has developed, but is protective when given later [57]. The authors of 
this study suggested that TGFβ signalling may be physiological early on, but patho-
logical once the arterial damage has started to occur. A number of human trials of 
angiotensin receptor blockers (mainly Losartan) suggests that Losartan therapy 
does reduce the rate of aortic growth [58–61] although one study showed no effect 
[62]. This issue is important as a large aortic diameter is a predictor of dissection or 
rupture [63, 64]. Trials comparing Losartan with Atenolol suggested no difference 
between these drugs in reducing aortic growth [60, 65, 66]. No effect on clinical 
outcomes (dissection, elective aortic surgery, cardiovascular death) was seen but the 
trials were of short duration and the dose of atenolol was high and that of losartan 
normal [60]. Increasing aortic stiffness is another predictor of aortic dilatation and 
dissection in Marfan syndrome, and appears to be reduced by both Losartan and 
Atenolol although it is suggested that Losartan may do this by TGFbeta neutralisa-
tion and affecting smooth muscle relaxation while atenolol principally reduces 
pulse wave velocity [52, 67, 68] (Fig. 19.7).

Other drugs may also have prophylactic potential in Marfan syndrome: ACE 
inhibitors reduce angiotensin 2 production, and act on both AT1 and AT2 dependent 
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pathways—the benefit or otherwise of inhibiting both pathways is unknown. Matrix 
metalloproteinases (MMPs) are large endopeptidases which degrade matrix pro-
teins including elastin. They may therefore contribute to the elastic fibre degenera-
tion of Marfan syndrome. Their expression is closely regulated at several levels, but 

a

b

Fig. 19.7 (a) Axial CT scan at T7 of a Marfan patient showing dilated ascending and descending 
aorta with dissection flap anteriorly in the descending aorta and previous surgery to the ascending 
aorta. (b) Parasagittal reformatted CT of chest and abdomen in the same patient with contrast 
showing dilatation of the whole of the aorta with a spiral dissection from the arch through to the 
lower abdominal aorta. MR and CT images courtesy of Professor J Weir, Department of Radiology, 
Aberdeen Royal Infirmary
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increased expression of MMP 2 and MMP 9 has been found in the Marfan aorta. In 
a mouse model, doxycyline, a nonspecific inhibitor of MMP 2 and 9 prevented tho-
racic aortic aneurysm, and suppressed upregulation of TGFβ expression [69]—no 
human data has yet been reported. Enalapril is known to decrease MMP-9 activity 
in non-Marfan patients [70]. In another study, abnormal flow mediated vasodilation 
of the brachial artery was demonstrated in Marfan patients, although agonist medi-
ated vasodilation was normal [71]. This was attributed to abnormal endothelial cell 
mechanotransduction associated with abnormal fibrillin. Although the use of losar-
tan and beta-blockers has the greatest evidence base at the moment, there may be 
other molecular targets for future pharmacological intervention.

If medical treatment fails, and the aortic root dilates to 5 cm or more, then pro-
phylactic surgery should be considered [21, 45, 72]. One study suggests the thresh-
old diameter should be 0.5 cm lower in affected women [47]. Other factors such as 
the rate of aortic growth, and family history of dissection should be taken into 
account. Numerous studies have shown better survival rates for prophylactic com-
pared with emergency aortic surgery [45, 73], and improved longevity for Marfan 
patients who undergo prophylactic surgery compared with their untreated relatives 
[74]. Alternative procedures include the Bentall composite graft repair, in which 
both the aortic root and the aortic valve are replaced, or a valve conserving tech-
nique such as re-implantation of the native aortic valve in a Dacron tube (described 
by David) or remodelling of the aortic root (described by Yacoub) [75, 76]. The 
Bentall procedure has a low mortality in experienced hands with long term survival 
of around 80% at 5  years and 60% at 10  years [77], but requires lifelong anti- 
coagulation post-operatively, whereas valve conserving techniques may avoid the 
need for anticoagulation. Use of a valve sparing procedure has been controversial as 
it is suggested that further deterioration of the aortic valve leaflets will require later 
valve replacement surgery. Recent case series have suggested that in expert hands, 
and in selected cases such as those where the aortic valve appears structurally nor-
mal (incompetence being due to annular dilatation) the medium term outcome is as 
good as the Bentall procedure, without the hazards of anticoagulation [78, 79]. In 
longer term follow-up (8 years), one series suggested a better outcome for valve 
conserving surgery, although this was attributed to preferential use of the Bentall 
procedure in higher risk patients. Thromboembolism was more common after the 
Bentall procedure (9% compared with 1% at 8 years) but re-operation was more 
common in patients who had undergone valve conserving surgery (6% compared 
with 2% at 8 years) [80]. There is certainly a case for considering a valve sparing 
procedure for children, women of childbearing age, and those in whom anticoagula-
tion may be hazardous. As Marfan patients survive longer, re-operation for new 
aneurysms developing elsewhere in the arterial tree are becoming common—in one 
series, 70% developed second aneurysms requiring surgery [74]. Continuation of 
long-term medical prophylaxis after surgery is therefore strongly recommended 
[77] along with follow-up imaging of the descending and abdominal aorta [76]. 
Other cardiac valves may also be involved—mitral valve surgery is required in up 
to 10% of those requiring aortic root surgery [74].
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19.5.2  Ocular System

Ocular features of Marfan syndrome include bilateral ectopia lentis (40–56%), 
myopia (28%) and retinal detachment (0.78%) [12, 81]. Lens dislocation into the 
anterior chamber may occur. Subluxation usually develops in early childhood, but 
may first present in the second decade [82]. Myopia is associated with an increased 
length of the globe and an increased risk of retinal detachment [83]. Early detection 
and correction of refractive errors prevents amblyopia—correction after the age of 
12  years is less likely to restore visual acuity. Anisotropia (unequal refraction 
between the two eyes) and the possible anterior chamber abnormalities are further 
important considerations for management [83]. Ophthalmology assessment is 
important, and regular orthoptic review is recommended, particularly in childhood. 
Vitreolensectomy with laser prophylaxis to prevent retinal detachment can be effec-
tive in improving visual acuity in some patients [84].

19.5.3  Musculo-Skeletal System

Skeletal abnormalities develop and may progress during childhood. Scoliosis affects 
around 60% of Marfan patients and may progress rapidly during growth spurts, 
leading to marked deformity, pain and restricted ventilatory deficit. In adults, back 
pain (associated with scoliosis) is three times more frequent than in the general 
population [85]. Occasionally scoliosis may progress in adult life especially if the 
angle of curvature is >40°. Back pain is said to be more common in patients with 
dural ectasia but the evidence for this is problematic. Dural ectasia is present in 69% 
of Marfan patients by CT scan, and 95% by MRI imaging [86, 87]. In a study of 32 
patients, dural ectasia was present in 76% of those with back pain, and 41% of those 
without [88]. Treatment of dural ectasia to manage back pain remains speculative 
[86]. Similarly, bone mineral density appears to be reduced at the spine and hip in 
Marfan syndrome [89, 90], but no associated increase in fracture rate has been 
observed.

Joint hypermobility is common, affecting 85% of children under 18, and 56% of 
adults with many patients suffering arthralgia, myalgia or ligamentous injury [91]. A 
Marfan-related myopathy with abnormal muscle fibrillin was described in one family 
[92] causing skeletal and respiratory muscle weakness. The significance of this for 
musculoskeletal symptoms in the wider Marfan patient group awaits further study.

19.5.4  Respiratory System

Pectus excavatum occurs in approximately two thirds of patients with Marfan syn-
drome, and when severe, can be associated with a restrictive ventilatory defect [93, 
94]. It can cause difficulty with cardiac surgical procedures but correction is most 
often requested for cosmetic reasons. Patients with Marfan syndrome are more 
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likely to have delayed wound healing following repair of pectus excavatum [95, 96]. 
Surgical correction in children should be avoided, as recurrence is common in this 
age group [95].

Spontaneous pneumothorax occurs in 4–11% of patients and may be associated 
with apical bullae [97, 98]. Recurrence is common, and there should be a low 
threshold for surgical intervention. Mechanical ventilation can exacerbate respira-
tory difficulties in Marfan neonates because of susceptibility to pneumothorax, bul-
lae and emphysema.

Adult patients with Marfan syndrome have an increased tendency to upper air-
way collapse during sleep, causing obstructive sleep apnoea. This is associated with 
abnormalities of craniofacial structure. It may contribute to daytime somnolence, 
sometimes attributed to beta-blocker therapy [99].

19.5.5  Central Nervous System

Dural ectasia may reduce the effectiveness of epidural anaesthesia [100], and has 
been associated with intracranial hypotension-associated headache in some case 
reports [101]. Anterior sacral meningocele has been described rarely as a complica-
tion of Marfan syndrome, and may lead to diagnostic confusion when presenting as 
a pelvic or abdominal mass [102]. Cerebral haemorrhage and other neurovascular 
disorders are uncommon in Marfan patients [103], but intracranial aneurysms may 
be more common in the Loeys-Dietz syndrome [14].

19.6  Pregnancy in Marfan Syndrome

The risk of aortic dissection during pregnancy is increased, although women with 
Marfan syndrome who have had children have a similar lifetime risk of aortic dis-
section to those who have remained childless [104], despite the fact that the rate of 
aortic dilatation after childbirth may be higher in women who started pregnancy 
with an aortic root exceeding 4.5 cm in diameter [105]. It has been suggested that 
pregnancy acts as a “revealer” of those women likely to have dissections. Recently, 
also a possible link of aortic dissection to breast feeding has been suggested. 
Inhibition of collagen and elastin deposition in the aorta by oestrogen, the hyperdy-
namic hypervolaemic circulatory state of pregnancy [106] and conditions such as 
gestational hypertension and pre-eclampsia may be additional factors [107], 
although these last two conditions are less common in women on beta-blockers 
[105]. Aortic dissection occurs in around 4.5% of pregnancies in women with 
Marfan syndrome [107] and the risk is greater if the aortic root exceeds 4 cm at the 
start of pregnancy, or if it dilates rapidly [108]. More frequent monitoring of aortic 
diameter in pregnancy is advisable. If the aortic root dilates to 5 cm during the preg-
nancy, consideration should be given to immediate aortic replacement, early deliv-
ery or termination of pregnancy. There may be an increased risk of spontaneous 
preterm labour [105], but the frequencies of spontaneous miscarriage or postpartum 
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haemorrhage are similar to those seen in the general population. The risk of aortic 
complications including Type B aortic dissection extends into the postpartum period 
[109, 110] and growth in aortic root diameter of >1 mm during pregnancy is a pre-
dictor of risk.

In about one third of the Marfan patients the FBN1 mutation occurs de novo, but 
in two thirds the mutation is inherited from an affected parent. As Marfan syndrome 
is autosomal dominant, there is a 1 in 2 (50%) chance that the child of an affected 
person will inherit the disorder. Marfan patients seldom ask for prenatal diagnosis, 
although pre-implantation genetic diagnosis has been undertaken for families with 
prior molecular work up in the genetic clinic [111]. Ultrasound diagnosis is unreli-
able. Marfan patients should be offered genetic counselling before planning a 
family.

It is often difficult to diagnose Marfan syndrome in a newborn baby, but off-
spring of Marfan patients should be assessed early in life, with gene testing where 
possible, so that appropriate follow-up can be organised.

19.7  Marfan Syndrome and Sports

Although there have been no trials to investigate the effectiveness of sports limita-
tion to avoid joint damage, common sense suggests that activities likely to stress the 
joints should be avoided. Heart rate, systolic blood pressure and cardiac output 
increase during both dynamic exercise (e.g. running) and static exercise (e.g. weight 
lifting). Peripheral vascular resistance and diastolic blood pressure tend to fall dur-
ing dynamic exercise, but increase during static exercise [112]. Marfan patients 
should therefore avoid high intensity static exercise, but can be encouraged to par-
ticipate in lower intensity dynamic exercise [113]. Contact sports are not advised, to 
protect the aorta and the lens of the eye, and scuba diving should be avoided because 
of the increased risk of pneumothorax.

19.8  Other Inherited Aortopathies

19.8.1  Loeys-Dietz Syndrome

In 2005, a novel autosomal dominant aortic aneurysm syndrome was identified and 
this entity is characterized by the triad of hypertelorism, bifid uvula/cleft palate, and 
arterial tortuosity with ascending aortic aneurysm/dissection. This disorder was 
firstly delineated in 10 families and designated Loeys-Dietz syndrome (LDS—MIM 
60919) [7] showing multiple additional findings including craniosynostosis, Arnold 
Chiari type I malformation, dural ectasia, pectus deformity, scoliosis, arachnodac-
tyly, club feet, patent ductus arteriosus, atrial septal defect, and bicuspid semilunar 
valves, but most importantly aneurysms/dissections throughout the arterial tree. 
Evaluation of a larger series of patients proved that the previously reported triad 
remains the most specific finding for this diagnosis [14], but also indicated the 
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increased incidence of additional findings including congenital hip dislocation, 
dural ectasia, spondylolisthesis, cervical spine dislocation or instability, subman-
dibular branchial cysts, osteoporosis with multiple fractures at a young age and 
defective tooth enamel. LDS patients may share several manifestations of the 
Marfan syndrome, but do not display ectopia lentis or significant dolichostenome-
lia, findings that are typical in Marfan syndrome.

Based on the central role of TGFβ signaling in cardiovascular, skeletal and cra-
niofacial development, the genes encoding the TGFβ receptors (TGFBR1 and 
TGFBR2) were considered as candidate genes. Also, a prior report had suggested 
that heterozygous loss-of-function mutations can cause a TGFBR2 phenocopy of 
Marfan syndrome [8], a phenotype significantly overlapping with LDS. In the initial 
analysis of 10 patients with the classic, severe presentation of LDS (including typi-
cal craniofacial features; LDS-I) 6 mutations in TGFBR2 and 4 in TGFBR1 were 
identified [7]. While this observation intuitively corroborated the essential role of 
the TGFβ pathway in the pathogenesis of aortic aneurysm, it was not clear how a 
loss of function of the receptor for TFGβ could lead to upregulation of TGFβ activ-
ity, as had been previously observed in mouse models for Marfan syndrome. The 
study of fibroblasts derived from heterozygous patients with LDS failed to reveal 
any defect in the acute phase response to administered ligand and showed an appar-
ent increase in TGFβ signaling after 24 h of ligand deprivation and a slower decline 
in the TGFβ signal after restoration of ligand. An even more informative result was 
the observation of increased expression of TGFβ-dependent gene products such as 
collagen and CTGF (connective tissue growth factor) and increased nuclear accu-
mulation of pSmad2 in the aortic wall of patients with LDS, as well as in patients 
with Marfan syndrome.

Following the initial identification of TGFBR mutations in the first 10 patients 
with LDS, a more in-depth clinical and molecular study of 52 affected families, of 
which 40 had probands with typical clinical manifestations of LDS was published 
[14]. Mutations in TGFBR1 or TGFBR2 were found in all probands with typical 
LDS. As there is a clear phenotypic overlap between LDS and the vascular Ehlers- 
Danlos syndrome (EDS type IV), a cohort of 40 patients who presented with a vas-
cular EDS-like syndrome, but did not bear the characteristic type III collagen 
abnormalities was investigated [14]. TGFBR1 or TGFBR2 mutations were identified 
in 12 probands presenting with this condition, which was initially referred to as LDS 
type II. The phenotype of these patients was characterised by velvety, translucent 
skin, easy bruising, atrophic scars, uterine rupture and arterial aneurysms/dissec-
tions within the cerebral, thoracic and abdominal circulations. Since the original 
discovery of TGFBR1 and TGFBR2 mutations in LDS, four additional genes coding 
for components of the TGFbeta signalling pathway have been associated with LDS 
like phenotypes. The LDS subtypes are now numbered according to the correspond-
ing genes: LDS-type 1 (TGFBR1), type 2 (TGFBR2), type 3 (SMAD3), type 4 
(TGFB2), type 5 (TGFB3). First, loss-of- function mutations in SMAD3, the first 
downstream effector, were shown to cause Aneurysms-Osteoarthritis syndrome 
(AOS) [114]. Since the original description of AOS, many families without osteoar-
thritis but with LDS-like features, such as hypertelorism, bifid uvula, and 
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craniosynostosis, have been described, all features consistent with LDS. Moreover, 
SMAD3-mutation-positive patients seem to have the same severe cardiovascular 
outcome, putting this entity clearly within the LDS spectrum. Subsequently, TGFB2 
was the first TGFbeta ligand involved in aortic disease. Heterozygous loss-of- 
function mutations, were originally discovered in a total of 10 families and in two 
sporadic thoracic aortic aneurysm cases [115]. TGFB2-mutation-positive patients 
also present with a variable clinical phenotype overlapping with LDS. These fea-
tures include hypertelorism, arterial tortuosity, bicuspid aortic valve, bifid uvula, 
clubfeet, and easy bruising. The cardiovascular findings in TGFB2-mutant patients 
initially seem to be less severe compared to those of other LDS types, but the full 
spectrum is still emerging; for example, intracranial aneurysms and subarachnoid 
hemorrhages have also recently been described in young adults with a TGFB2 muta-
tion. Most recently, another TGFbeta ligand, TGFB3, was also shown to play a role 
in syndromic aortic aneurysms and dissections [116]. In addition to LDS systemic 
features, typical cardiovascular features present in TGFB3-mutant patients include 
aneurysms and dissections, both occurring in the descending aorta and abdominal 
aorta, and mitral valve abnormalities, ranging from mild mitral valve prolapse to 
severe regurgitation with chordae rupture. In line with the findings regarding 
TGFB2, it was hypothesized that TGFB3 mutations would lead to loss of function 
of TGFB3 but cause a paradoxical increase in TGFbeta signaling. Indeed, this 
hypothesis was confirmed by the demonstration of increased canonical and non- 
canonical TGFbeta signaling in the aortic wall of affected patients. Finally, a couple 
of patients with SMAD2 mutations have reported with mild syndromic presentations 
of TAA [117]. The initially described natural history of LDS was characterised by 
aggressive arterial aneurysms (mean age at death, 26 years) and a high incidence of 
pregnancy-related complications. Obviously, the natural history of disease in LDS 
patients is far more aggressive than that of Marfan syndrome or vascular EDS, 
including aortic dissection in young childhood and/or at much lower aortic dimen-
sions than in other connective tissue disorders. Patients with more severe outward 
systemic features had a poorer prognosis towards cardiovascular surgery and life 
expectancy. Importantly however, aneurysms in LDS appeared to be well- amenable 
to early and aggressive surgical intervention, in contrast to what is observed in vas-
cular EDS, in which intra-operative mortality is very high due to the extreme fragil-
ity of the vessel walls. More recently, a wide spectrum of clinical phenotypes has 
been associated with TGFBR1 and 2 mutations, ranging from isolated (familial) 
thoracic aortic aneurysm to severe syndromic LDS presentation with important out-
ward features. So far, there are no apparent differences between the mutations found 
in patients with LDS versus those described as causing Marfan syndrome type 2 [8] 
or familial thoracic aortic aneurysm and dissection (FTAA) [118]. Indeed, identical 
mutations described as causing Marfan syndrome type 2 or FTAA have been identi-
fied in patients with typical LDS. Preliminary observations suggest that the aneurys-
mal phenotype is most severe in patients with TGFBR1/2 and SMAD3 and milder in 
patients with TGFB2/3 and SMAD2 mutations.

All this suggests that comprehensive clinical evaluation is critical for making the 
diagnostic distinction between the Marfan syndrome, LDS and the vascular EDS, 
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and that in addition to molecular studies of FBN1 (fibrillin-1) or COL3A1 (collagen 
type III), genotyping of TGFbeta related genes can also be useful in the diagnostic 
work-up and further management of patients presenting with aortic aneurysms.

The management principles are largely based on previous experience with 
Marfan and vascular Ehlers-Danlos syndrome but are also guided by the differences 
between these diseases and Loeys-Dietz syndrome. Two important management 
differences distinguish patients with FBN-1/COL3A1 mutations from TGFbeta- 
related gene positive patients. In the latter, more extensive imaging of the arterial 
tree (from head to pelvis) is indicated and earlier surgery at smaller aortic root 
dimensions is justifiable. Beta-adrenergic blockers or other medications are used to 
reduce hemodynamic stress. Angiotensin receptor blockers have been used in LDS 
but no randomized trials exist to proof their benefit. Aneurysms in LDS are ame-
nable to early and aggressive surgical intervention (in contrast to vascular EDS, in 
which surgery is used as a last resort because of the extremely high rate of intraop-
erative complications and death). Many individuals can receive a valve-sparing pro-
cedure that precludes the need for chronic anticoagulation. Given the safety and the 
increasing availability of the valve-sparing procedure, this method is preferred. For 
young children with severe systemic findings of LDS, surgical repair of the ascend-
ing aorta should be considered once the maximal dimension exceeds the ninty-ninth 
percentile and the aortic annulus exceeds 1.8 cm, allowing the placement of a graft 
of sufficient size to accommodate growth.

For adolescents and adults, surgical repair of the ascending aorta should be 
considered once the maximal dimension approaches 4.0–4.5 cm. This recom-
mendation is based on both numerous examples of documented aortic dissection 
in adults with aortic root dimensions at or below 4.0  cm and the excellent 
response to prophylactic surgery. An extensive family history of larger aortic 
dimension without dissection could alter this practice for individual patients. 
This practice may not eliminate risk of dissection and death, and earlier inter-
vention based on family history or the patient’s personal assessment of risk 
versus benefit may be indicated.

 Conclusion

The Ghent nosology remains the most effective way of diagnosing or excluding 
Marfan syndrome, providing its limitations with respect to children are not for-
gotten. It can help to identify families with aortic dissection who do not have 
Marfan syndrome, but it should not be used to assess risk in such families. 
Despite the morbidity and mortality associated with Marfan syndrome and 
related disorders, appropriate medical and surgical management can improve 
and extend the lives of many patients, and advancing research holds the promise 
of further improvements in the future.
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20Cardiovascular Manifestations 
in Inherited Connective Tissue Disorders

Julie de Backer and Anne de Paepe

Abstract
Heritable connective tissue disorders comprise a heterogeneous group of entities 
with widespread manifestations in most of them. Increased understanding of the 
structure and function of the connective tissue had led to the identification of 
many additional diseases over the last decade. The spectrum of disorders affect-
ing the cardiovascular system has broadened significantly and also includes dis-
orders with no- or very limited-systemic manifestations. Important clinical and 
genetic overlap between these different entities exists. In this chapter, we provide 
an overview of the most common cardiovascular manifestations occurring in the 
setting of HCTD and discuss the most relevant disease entities in this context.

Keywords
Marfan syndrome • Connective tissue disorder • Aortic aneurysm • Aortic dissec-
tion • Aorta • Mitral valve prolapse

20.1 Heritable Connective Tissue Disorders

Heritable connective tissue disorders (HCTD) are Mendelian disorders that affect 
the normal development, maintenance and function of the hard (bone, cartilage) 
and/or soft (skin, blood vessels, cardiac valves, tendon and ligaments, ocular struc-
tures) connective tissues.
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The connective tissue is composed of sparsely distributed cells surrounded by 
an extracellular matrix. The extracellular matrix forms a complex three-dimen-
sional network, composed of a wide variety of macromolecules, generally classi-
fied as fibrous proteins (elastin and collagen) and ground substance (a mixture of 
glycoproteins and glycosaminglycans) [1]. The components of the extracellular 
matrix are secreted and maintained by tissue specific cells. Variations in the com-
position of the extracellular matrix, determines the properties of the connective 
tissue. While its major function was initially thought to be mainly structural, it has 
now become clear that the connective tissue plays crucial roles in signal transmis-
sion and tissue homeostasis. Homeostasis requires not only an intact extracellular 
matrix but also intact cellular components. Indeed, bi-directional cross-talk 
between the matrix and the cells is very important. In the vascular structures, 
Smooth muscle cells (VSMC) also play an important role in this interaction. 
Alterations in the VSMC contractile function may therefor also lead to connective 
tissue disorders.

Defects due to genetic alterations in any of the genes encoding components of 
the connective tissue and its main interaction partners may lead to disease. With 
increasing knowledge of the composition and function of the connective tissue, the 
spectrum of CTD has expanded tremendously over the last decade and connective 
tissue diseases with cardiovascular involvement can now be classified into:

• Diseases caused by defects in structural components such as collagen and elastic 
fibers, e.g. FBN1, COL3A1

• Diseases caused by mutations in components of the VSMC contractile apparatus, 
e.g. ACTA2, MYH11

• Diseases caused by components in signaling pathways such as the TGFβ signal-
ing cascade, e.g. TGFBR2, SMAD3

Many of these genetic conditions will give rise to syndromic entities, with 
manifestations in several organ systems. From a cardiovascular point of view 
however it is important to acknowledge that mutations in most of the genes 
related to these syndromic entities can also be encountered in patients present-
ing nonsyndromic (or isolated) aortic disease. These patients constitute a par-
ticular group as no outward features triggering the diagnosis are present and 
aortic aneurysms grow without symptoms in most cases and may evolve to life-
threatening aortic dissections. With the expanding availability and efficiency of 
high throughput (next generation) genetic sequencing techniques, the threshold 
for genetic testing in patients with aortic disease has—and should—come down 
since this will allow timely detection of patients at risk for life-threatening 
complications.

In this chapter, we will first describe and define the main cardiovascular abnor-
malities encountered in HCTD after which we will provide an overview of the most 
relevant HCTD.
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20.2  Description of the Main Cardiovascular Manifestations 
in HCTD

20.2.1  Aortic Aneurysms and Dissections

Aortic dilatation is defined as a diameter of the aorta exceeding ≥1.96 standard 
deviations of the normal expected diameter (i.e. the upper limit of the 95% confi-
dence interval of the distribution in a large reference population) [2]. A commonly 
used method to quantify dilatation is to use z-scores. The z-score value of the aortic 
root at the level of the sinus of plays a crucial role in the diagnosis of MFS in the 
revised Ghent nosology, where an aortic root z-score >2 in adults and >3 in children 
is required for the diagnosis (see below). In other HCTD, z-score calculation is 
equally important since it allows correct identification of patients with aortic dis-
ease. Calculating z-scores in a correct way is extremely important and requires 
adequate normal values obtained in the right reference population using the same 
technique as applied in the individual patient. Differences in measuring techniques 
between pediatric cardiologists and adult cardiologists render comparison of values 
hazardous and one should be very careful to use the correct calculation method. 
Pediatric cardiologists will usually measure the aortic root diameters in systole, 
according to the inner-to-inner edge technique [3] whereas most adult cardiologists 
will measure at end diastole using the leading-to-leading edge technique [4] 
(Fig. 20.1). A recent study comparing pediatric and adult techniques showed that 
the pediatric method revealed a systematically lower diameter than the adult method 
of measuring; the correlation between both techniques was good [5]. Reference 
values for the pediatric methods are published by Gautier [6]—adult reference val-
ues have been provided by Devereux and Roman [2, 7]. Comparing various refer-
ence values in a cohort of adult MFS patients revealed that the more recently 
published calculation method by Devereux is more reliable than the initial publica-
tion by their group, mainly because the reference group was larger and because 
there was a continuous distribution of age. Correcting for height instead of for BSA 
may be more reliable, especially with the increasing amount of obese subjects [8].

In addition to its value in a diagnostic setting, aortic root diameters play an 
important role in determining the outcome in patients with aortic disease—a direct 
(but not absolute!) correlation between the diameter and risk for dissection has 
clearly been documented and the aortic diameter still is the most important factor in 
risk prediction and in defining the threshold for prophylactic surgery [9, 10].

An aortic aneurysm is defined as a local dilatation of the vessel exceeding 50% 
of the normal size at that location for that specific individual. In HCTD, aneurysms 
may develop in any part of the aorta as well as in its branching vessels in several 
entities.

Aortic dissection refers to splitting of the vessel wall as a result of an intimal tear, 
allowing blood to enter the aortic media layer and creating a false and true lumen in 
the vessel. Aortic dissection is followed either by an aortic rupture in the case of 
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adventitial disruption or by a re-entering into the aortic lumen through a second 
intimal tear.

Several classification systems have been used to describe aortic dissections with 
DeBakey and Stanford being the most common ones (Fig. 20.2). The DeBakey clas-
sification categorizes the dissection based on the location of the intimal tear and 
extent of the dissection, whereas the Stanford classification is based on whether or 
not the ascending aorta is involved. In this chapter, we will us the Stanford classifi-
cation, unless stated otherwise. Stanford type A dissections originate proximal to 
the left subclavian artery and type B distal to the left subclavian artery. Both types 
are quite different with regards to outcome in the acute and long term setting as well 
as in treatment. Patients with type A aortic dissections suffer double the mortality 
from patients with type B dissections (25% versus 12%) [10–12]. The only life- 
saving treatment in acute type A dissection is urgent surgical intervention, leading 
to a decrease in mortality from 56.6% to 26.9% in the International Registry of 
Aortic Dissections (IRAD registry) [11, 13]. Conventionally, patients presenting 
with a type B dissection are treated medically with aggressive blood pressure lower-
ing. Indications for surgery include any sign of organ ischemia (kidney, chordal 
spine, intestinal, leg) or rapidly growing aneurysms in the dissected areas [10]. 

Fig. 20.1 Aortic root 
measurement with 
transthoracic 
echocardiography in the 
PSLAX view in a 
14-year-old Marfan boy. 
On the left, measurement 
at end diastole, with the 
leading-to-leading edge 
principle, used in adult 
cardiology. On the right, 
measurement at end 
systole, with the inner-to- 
inner edge principle, used 
in pediatric cardiology. 
Note the 2 mm difference
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Endovascular procedures, commonly used for the treatment of aortic dissections in 
the general population are formally contra-indicated in patients with CTD due to a 
significant risk for stent displacement or rupture.

20.3  Pathophysiology of Aneurysms and Dissections 
in Connective Tissue Disorders: Current Concept

While initially, aortic aneurysms and dissections in connective tissue disorders were 
thought to result essentially form structural weakness, it has now clearly been estab-
lished that the process is more complex and that the mutated components of the 
connective tissue also have important functional roles in signal transmission and 
maintaining tissue homeostasis. This current concept is known as mechanobiology 
of the vessel wall and is nicely reviewed in [14, 15]. Homeostasis implicates correct 
sensing by the cells in the vessel wall of their chemomechanical environment in 
order establish, maintain, remodel and—if necessary—repair the extracellular 
matrix to provide compliance as well as strength. Correct sensing of the signals in 
turn necessitates intact receptors that connect the ECM to intracellular actomyosin 
filaments as well as intact signaling molecules that transmit the information to the 
nucleus. Indeed, the clinical manifestation of aortic aneurysms and dissections at 
the macro (tissue) level are a reflection of important alterations on the micro 

Stanford A

I

A

II

B

IIIDe Bakey

Fig. 20.2 Classification of aortic dissections according to Stanford and De Bakey
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(molecular) level. Aortic aneurysms and dissections are a result of abnormal mecha-
nobiology in the vessel wall, which is related to the intrinsic wall abnormalities due 
to the underlying genetic defect. This concept is illustrated in Fig. 20.3

20.3.1  Arterial/Aortic Tortuosity

Reporting vessel tortuosity is often subjective and operator dependent, indicating 
the need for more objective methods. Such methods with applications in connective 
tissue disorders have been published recently, showing easy applicability and inter-
esting correlations with the extent of the disease. The vertebral artery tortuosity 
index (VTI) based on distance factor is calculated by dividing the actual measured 
length of the vessel over the straight distance (both in cm) (Distance factor = [actual/
straight length-1] × 100. An illustration is given in Fig. 20.4. VTI’s exceeding 50 
were associated with worse outcome [16].
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Fig. 20.3 Concept of mechanobiology underlying homeostasis in the thoracic aorta. Alterations, 
either due to higher imposed forces (hypertension) or due to (genetic) alterations in the various 
components required for proper sensing and/or transduction of the signal may lead to aneurysms/
dissections. Mutations in the various components may affect the mechanical properties of the 
microfibrils or the signaling pathways, leading to an altered mechanotransduction signal and initia-
tion of cellular response mechanisms including increased TGFβ signalling
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Similar methods and results have been obtained calculating the aortic tortuosity 
index in Marfan patients [17].

20.3.2  Mitral Valve Prolapse

Mitral valve prolapse is characterized by the displacement of an abnormally thick-
ened mitral valve leaflet into the left atrium during systole in the long axis view on 
echocardiography [18]. By definition, the displacement from the mitral valve annu-
lar plane needs to exceed 2 mm. The presence of valve thickening which was used 
to discriminate between classic and non-classic prolapse [19] is no longer taken into 
account in more recent criteria.

Figure 20.5 gives an overview of cardiovascular manifestations in HCTD.

Fig. 20.4 Vertebral 
Tortuosity Index 
calculation in a patient 
with Loeys Dietz 
syndrome. Distance 
Factor = [actual(yellow)/
straight(red) 
length-1] × 100
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20.4  Heritable Connective Tissue Disorders 
with Cardiovascular Manifestations

20.4.1  Marfan Syndrome

20.4.1.1  Diagnosis
Marfan syndrome (MFS) is caused by mutations in the Fibrillin-1 gene (FBN1), 
encoding the fibrillin1 protein [20, 21]. Fibrillin1 is a glycoprotein and important 
component of the microfibrils displaying important structural and functional roles. 
Fibrillin1 is essential for elastic fiber formation and these fibers are in turn impor-
tant for structural integrity of the aorta.

MFS is an eminent example of a pleiotropic disorder with manifestations in dif-
ferent organ systems including the ocular, cardiovascular and skeletal system. The 
diagnosis of MFS is based on the identification of clinical manifestations, as defined 
in the revised Ghent nosology [22]. Aortic root dilatation and lens luxation play a 

a

d e

b c

Fig. 20.5 Cardiovascular manifestations in HCTD. (a) Transthoracic echocardiogram (PSLAX) 
of an aortic root aneurysm (red asterisk) in a Marfan patient. (b) CT image of type A aortic dissec-
tion extending into the descending thoracic aorta in a Marfan patient. (c) MRI image of an aortic 
root aneurysm and an aneurysm of the descending thoracic aorta (after open surgery 14 years prior 
to this control). (d) Transthoracic echocardiogram (AP4CV) of Mitral Valve Prolapse—note the 
excursion of the Anterior and Posterior Mitral Valve Leaflets (AMVL and PMVL) into the left 
atrium (LA). LV left ventricle. (e) MRI image of the proximal aorta and head and neck vessels in a 
patient with Loeys-Dietz syndrome—note the marked arterial tortuosity
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cardinal role. A systemic score to assess additional features in various organ sys-
tems has been provided as an addition to the diagnostic clues and more importance 
has been assigned to the identification of an underlying FBN1 mutation (Table 20.1).

Cardiovascular manifestations in MFS are the major determinants of life expec-
tancy in affected patients. Aortic root aneurysm ensuing a risk for fatal type A aortic 
dissection is the most threatening manifestation and definitely was the most important 
reason for early demise in MFS patients before the era of structured cardiovascular 
management in these patients including prophylactic aortic root surgery, medical 
treatment, life style advice and regular imaging [23, 24]. With better treatment options 
for aortic root aneurysms, the spectrum of cardiovascular disease in MFS has widened 
and now also includes heart failure, arrhythmias and distal aortic disease.

20.4.1.2  Aortic Aneurysms and Dissections in Marfan Syndrome
One out four Marfan patients will be diagnosed only after presenting with an aortic 
aneurysm or—dissection, emphasizing the crucial role of cardiology/cardiovascular 
surgery in the diagnostic setting of many patients [25].

Children with MFS may have normal aortic root dimensions in the early stages 
of the disease: at the age of 5 years, only 20% has an enlarged aortic root but by the 
age of 10 years, this will increase to 50% and by the age of 18 >80% will have 
developed aortic root dilatation [26]. Aortic root growth rate in MFS patients varies 
between 0.3 and 0.9 mm/year [27, 28], which is definitely higher when compared to 
the growth rate in the general population, estimated at 1 mm/decade [29].

Knowledge of the diagnosis is the most important factor to prevent aortic events, 
although a recent study from the large Dutch CONCOR cohort indicated that after 
a follow-up period of 8.3 years, 12.8% of the patients known with MFS had devel-
oped aortic dissection [30]. Furthermore, a recently reported surgical series indi-
cated that 36% of MFS patients requiring aortic surgery presented with dissections 
[31]. These data clearly indicate that there still is a dare need to better diagnose and 
identify MFS patients at risk for dissection.

Despite the knowledge that dissections in MFS may occur at lower diameters 
[32], and after numerous attempts to refine the threshold at which aortic dissections 
may occur, the aortic root diameter continues to be the most important parameter 

Table 20.1 Diagnostic 
criteria for Marfan syndrome

In the absence of family history: MFS if

             1. AoRD (Z ≥ 2) + EL

             2. AoRD (Z ≥ 2) + FBN1

             3. AoRD (Z ≥ 2) + Syst (≥7 pts)
             4. EL + FBN1 with known Aortic involvement
In the presence of family history (FH): MFS if
             1. EL + FH of MFS (as defined above) = MFS

             2.  Syst (≥7 pts) + FH of MFS (as defined 
above) = MFS

             3.  Ao (Z ≥ 2 in adults, Z ≥ 3 in children) + FH of 
MFS (as defined above) = MFS

Adopted from [22]
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used in daily clinical practice. According to the ESC guidelines on aortic disease, 
MFS patients need to be referred for prophylactic aortic root surgery when the aor-
tic root reaches 50 mm, unless other risk factors including rapid growth (>3 mm/
year), a positive family history for dissection, severe mitral or aortic valve disease 
or a desire for pregnancy are present, in which case the threshold is lowered to 
45 mm [10]. The American (AHA/ACC) guidelines add a threshold of an indexed 
aortic root area (divided by the patient’s height in meters) >10 which is considered 
a class IIa indication for surgery in the AHA guidelines (level of evidence C) [33, 
34]. As pointed out above, a significant proportion of MFS patients will develop 
aortic dissection even when strictly applying the guidelines.

Options for risk better stratification have been explored and include functional 
imaging techniques and biomarkers. Aortic stiffness parameters have been explored 
and showed an added value in the abdominal aorta [35]. Arterial and aortic tortuos-
ity indices are additional imaging characteristics that seem to have a prognostic 
value in MFS patients (Morris, Franken). Numerous biomarkers have been explored, 
including markers of inflammation such as MMP’s, blood TGFβ levels or extracel-
lular matrix protein metabolism products such as elastin or fibrillin fragments [36, 
37] and miRNA’s [38]. None of these markers are currently ready for use in clinical 
practice [39].

With better outcome of surgery and improved survival of MFS patients, repeat 
complications and interventions, often in more distal parts of the aorta tend to occur 
more frequently and indicate the need for careful follow-up, including regular imag-
ing of the distal aorta. Determinants for repeat vascular surgeries include the pres-
ence of acute or chronic dissection at the time of the first surgery, hypertension after 
the first surgery and a history of smoking [31, 40].

20.4.1.3  Pulmonary Artery Dilatation
The pulmonary artery root has the same embryologic origin as the aortic root and 
the vessel wall characteristics are very similar with higher elastin content when 
compared to the more distal parts of the vessels. It is therefore not surprising that 
pulmonary root dilatation is a common feature in MFS patients, though it’s clinical 
consequences are much milder as can be expected in this lower pressure vascular 
bed. Pulmonary artery dilatation was listed as a minor criterion in the initial Ghent 
diagnostic criteria for MFS but is no longer listed in the revised version. A cut-off 
value of 23 mm with ultrasound and of 30 mm with MRI has been suggested to 
define dilatation [41, 42].

20.4.1.4  Mitral Valve Prolapse
Mitral valve prolapse (MVP) is a very common feature in MFS patients, occurring 
in 30–50% of children and in 60–80% of adults (as compared to 1–2% in the general 
population) [42–45]. Not only does it occur more frequently, the outcome in MFS 
patients is also significantly worse with increased numbers of patients requiring 
surgery, developing heart failure or endocarditis (28% vs 13% in idiopathic MVP). 
The age at which events occur is also significantly lower in MFS patients when 
compared to idiopathic forms of MVP (35 vs 65 years) [43, 46]. 5–12% of MFS 

J. de Backer and A. de Paepe



627

patients require primary MV surgery and 20% of patients undergoing aortic root 
surgery will undergo concomitant MV surgery. The outcome of repair techniques 
seems more favorable on the long term than replacement and is similar to the out-
come in non-MFS patients [47, 48].

In pediatric series, MVP seems related to the degree of aortic root dilatation.
Severe MVP with significant regurgitation in association with severe tricuspid 

valve prolapse is a characteristic feature of neonatal Marfan syndrome, a very severe 
form of the disease presenting in neonatal life and leading to fatal demise due to heart 
failure and severe AV valve dysfunction in the first year of life in most cases [49].

20.4.1.5  Tricuspid Valve Prolapse
TVP has not led to any clinically relevant problems in MFS patients so far but 
should be recognized as a common feature and may therefore be helpful in a diag-
nostic setting. The presence of TVP seems to influence the outcome of MVP.

20.4.1.6  Cardiomyopathy
Several reports as well as a recent retrospective study have indicated that heart fail-
ure and sudden arrhythmic cardiac death are important causes of death in MFS 
patients and thus clearly deserve more attention [50]. Significant LV dilatation and 
dysfunction leading to heart failure sometimes even necessitating heart transplanta-
tion has been described in a few cases and seems to be a very rare complication in 
MFS [51, 52]

Subclinical intrinsic myocardial dysfunction on the other hand, has been reported 
in larger subsets of MFS patients of various ages by several independent research 
groups [53–59] and mildly increased LV dimensions have been demonstrated in a 
subset of patients with MFS [60]. The clinical evolution of MFS related CMP 
appears to be mild as we have recently demonstrated (campens).

Initially, valvular dysfunction and aortic stiffness in MFS were considered as the 
main factors underlying LV dysfunction. The current view is that the observed car-
diac phenotype is caused by dysfunctional microfibrils [61]. This hypothesis is sup-
ported by the observation that microfibrils contribute to the mechanical stability and 
elasticity of several tissues. Additional evidence for intrinsic myocardial dysfunc-
tion was provided by recent insights obtained in mice with cardiomyocyte-specific 
Fbn1 hypomorphism (Fbn1αMHC-/- mouse model), which demonstrates myocardial 
dysfunction in the absence of aortic disease [62]. These findings have led to the 
hypothesis that mutations in fibrillin-1 may underlie ventricular dysfunction by 
interfering with the structural properties of the myocardial tissue and/or with the 
process of mechanosignaling and mechanotransduction. Preliminary studies in dif-
ferent MFS mouse models support these hypotheses. Several mechanisms including 
alterations in integrin function and their interaction with AT1R have been studied 
and need further confirmation in humans.

20.4.1.7  Arrhythmias
A feature that is closely related to ventricular dysfunction in MFS is an increased 
risk for adverse arrhythmogenic events [63–65]. Ventricular arrhythmias have been 
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documented in pediatric as well as in adult series. An association with increased 
NT-ProBNP levels, age, increased left ventricular size, ventricular ectopia and 
mitral valve prolapse has been evidenced [63–65]. The risk for sudden arrhythmic 
cardiac death in MFS appeared to be increased by 7 fold when compared to the risk 
in the general population in a recent study [65]. Specific Holter ECG based tools 
such as Heart Rate Turbulence and Deceleration Capacity have been proposed as 
predictive factors and deserve further exploration in larger studies [66].

20.4.1.8  Estimating Cardiovascular Outcome in MFS
It is beyond any doubt that aortic root aneurysm with its ensuing risk for life- 
threatening type A aortic dissection is the main determinant of outcome in 
MFS. Prior to the introduction of prophylactic aortic root surgery, a retrospective 
analysis indicated that MFS patients died in their 4th or 5th decade of life [67]. The 
introduction of the Bentall procedure, which went along with the start of the use of 
beta blockers in the 1970s has resulted in a 30 years increase in life expectancy [23, 
24]—an achievement that has never been paralleled in cardiovascular disease.

Reported predictors of a worse outcome include

• Family History of cardiovascular events (defined as a history of aortic dissection, 
aortic surgery or non ischemic cardiovascular death in a first degree relative) [68]

• Smoking & Hypertension were the only determinants of the need for recurrent 
surgery in a large retrospective series of MFS patients [40]—this was not con-
firmed however in a more recent study [31]

• Male gender was associated with an increased aortic growth rate [27] and 
increased incidence of aortic surgery at baseline (38.0% vs. 19.4%) and during 
follow-up (24.0% vs. 15.1%), in the Dutch Concor registry [30] but was not 
associated with a risk for recurrent interventions in the surgical series[31, 40]

• Genotype: numerous studies addressing genotype/phenotype correlations in 
MFS have been performed but so far, very few have been reproducible. The only 
solid correlation is between mutations in the middle portion of the gene (exons 
24–32) and neonatal Marfan syndrome, a specific entity at the severe end of the 
disease spectrum [69]. A potentially interesting finding related to cardiovascular 
disease is that nonsense or splicing mutations occurred more frequently in 
patients with an aortic event in a large cohort (N = 179) [70]. A similar observa-
tion was made in the Dutch Concor study where patients harboring a mutation 
predicting to lead to happloinsufficiency were at increased risk for cardiovascu-
lar death and aortic dissection when compared to patients with mutations leading 
to a dominant negative effect [30].

• Whether pregnancy as such is a trigger for aortic dissection in MFS is not fully 
elucidated yet—interpretation of reports on the association are often case reports 
or retrospective series, with an inherent ascertainment bias. Both hemodynamic 
and hormonal factors associated with pregnancy may have an adverse effect on 
the already fragile aorta in MFS patients. Many—if not most of the reported dis-
sections have occurred in women unaware of the diagnosis or not receiving 
proper counselling or follow-up. In addition to its immediate effects, pregnancy 
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also influences long term outcome with an increased growth rate in Marfan 
women with an aortic root diameter above 40 mm (0.36 mm/year vs 0.14 mm/
year in the childless Marfan women) [71] and increased rates of elective aortic 
surgery an aortic dissection in pregnant versus non-pregnant women [72].

20.4.1.9  Management of Cardiovascular Manifestations 
in MFS Patients

The mainstay of cardiovascular management in MFS constitutes of the avoidance of 
aortic dissection. This involves life-style adjustment including avoidance of strenu-
ous exercise, blood pressure control and refraining from smoking and use of cocaine 
and amphetamines.

As already mentioned above, timely prophylactic aortic root surgery is life-
saving in MFS. The operative mortality in emergency procedures is significantly 
higher when compared to elective procedures (1.5 vs 11.7%) [73]. Thresholds 
have been discussed above. The current preferred surgical techniques in MFS 
are the so-called valve sparing procedures as these do not require subsequent 
lifelong treatment with anticoagulants as does the classic Bentall procedure. 
Long-term outcome is good as has been evidenced in several large series. 
Surgery in the distal aorta in Marfan syndrome and other HCTD is more chal-
lenging. Endovascular procedures are conventionally not recommended, 
although recent reports show that carefully prepared hybrid procedures may be 
offered in selected cases [74]. In Marfan patients with aortic dissection, the use 
of endovascular stenting should only be considered in life- threatening emergen-
cies, as a bridge to definite open procedures, since these aortas dilate progres-
sively, resulting in high endoleak rates, a 12% mortality rate and a 14–18% need 
of a new surgical procedure [75, 76].

Medical treatment to slow down aortic root growth has been used since the sev-
enties, when beta-blockers were introduced. The effect of these drugs is thought to 
be through lowering of wall shear stress (dp/dt). The only randomized study in MFS 
patient, published in 1994 showed a beneficial effect, although the study was under-
powered to assess hard endpoints [77]. Promising perspectives for medical treat-
ment arose with the identification of involvement of the TGFβ pathway in the 
pathophysiology of MFS. It was postulated that TGFβ inhibition with losartan (an 
angiotensin receptor blocker) would be beneficial in MFS, as was indicated by a 
study in a mouse model [78]. Several large-scale trials in humans have unfortu-
nately not been able to recapitulate these findings in humans and currently; losartan 
is considered as a valid alternative in those patients intolerant for beta-blockers 
[79–83].

Women with MFS contemplating pregnancy require proper pre-pregnancy coun-
selling covering both the genetic and cardiovascular aspects related to the disease. 
Women with an aortic root diameter above 45  mm are strongly discouraged to 
become pregnant without pre-emptive surgical repair. An aortic root diameter below 
40 mm is generally considered as low-risk, although a completely safe diameter 
does not exist. In women with an aortic root diameter between 40 and 45 mm, recent 
aortic growth rate and a family history of aortic events are important factors to take 
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into account in the counselling. Women with previous aortic root surgery remain at 
increased risk for complications including worsening aortic valve regurgitation or 
type B aortic dissection [84, 85].

20.4.2  Loeys-Dietz Syndrome

In 2005 a clinically distinct entity associated with aggressive aortic disease and 
caused by mutations in the TGFBR1 and two genes was described. The disease is 
characterized by aortic root aneurysms with a propensity to dissect at low diame-
ters, involvement of the distal aorta and branching arteries and marked arterial tor-
tuosity. Dysmorphic features including hypertelorism and cleft palate/bifid uvula 
are also encountered in these patients and the disease has been named after the 
senior authors initially describing the disease, Loeys and Dietz [86, 87]. Since the 
initial publication, mutations in other genes have been identified in patients display-
ing very similar phenotypic features, leading to the suggestion of different types of 
LDS, according to the underlying gene defect. LDS type 3 in this classification is 
caused by mutations in the Smad3 gene. As many patients with Smad3 mutations 
also exhibit osteoarthritis, this disease entity is also known as Aneurysm Ostearthritis 
syndrome [88, 89]. Visceral and iliac arteries appear to be more frequently involved 
in patients with SMAD3 mutations with more than half of the reported aneurysms 
being encountered in the abdomen in one study [90, 91]. Other genes in the TGFβ 
pathway that give rise to LDS like phenotypes include the TGFB2 and TGFB3 
genes (see for more details Chapter 19).

The severity of the cardiovascular manifestations in patients with mutations in 
the TGFβ related genes is highly variable and subsets of patients have been reported 
with outcomes comparable to those observed in MFS cohorts [92, 93]. Patients with 
very little syndromic features have been reported by several groups and may be bet-
ter categorized in the nonsyndromic H-TAD category (see below). A link between 
the severity of craniofacial abnormalities and the extent of cardiovascular manifes-
tations has been suggested [87].

The extent- and aggressive course of vascular involvement in LDS patients justi-
fies more extended vascular imaging (preferably with MRI) at regular intervals, at 
least in the early stages of the diagnosis until a stable status has been evidenced.

Mitral valve prolapse occurs less frequently in LDS when compared to MFS 
(20–30%) but can be seen in all types and even appeared to be a discriminating fac-
tor in patients harboring mutations in the TGFB2 gene [94]. Structural congenital 
heart defects are more prevalent in LDS than in the general population and include 
atrial septal defect (ASD), patent ductus arteriosus (PDA), and bicuspid aortic valve 
(BAV). In patients with Smad3 mutations, atrial fibrillation (24%) and left ventricu-
lar hypertrophy (18%) have been reported [95]. Impaired left ventricular systolic 
function has been reported in LDS type 1 [96]

No evidence in support of drug treatment in LDS patients has been published so 
far and management is largely extrapolated from the knowledge obtained in MFS.
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Surgical outcome is good, at least for those procedures performed in planned 
elective circumstances [97]. A surgical series looking at the outcome in LDS patients 
who had been managed primarily as having Marfan syndrome showed similar risks 
for re-intervention in both groups [98]. The threshold at which to refer LDS patients 
for prophylactic surgery may be lowered to 45 mm [99] (Jondeau Circulation CV 
Genetics in press)

20.4.3  Vascular Ehlers Danlos Syndrome

Vascular Ehlers Danlos Syndrome (vEDS, formerly known is EDS type IV) is caused 
by mutations in the COL3A1 gene, encoding collagen type 3. Clinical features in 
vEDS patients are marked by pronounced and generalized tissue fragility. Vessels 
(both arterial and venous) are extremely friable and prone to dissection or rupture, 
often without preceding dilatation, rendering management particularly challenging. 
The gastro-intestinal tract and uterus are other organs at risk for rupture [100, 101].

Patients with vEDS suffer major clinical events at a young age with a docu-
mented mean age at a first event of 29 years in a recent comprehensive cohort of 
patients from France with confirmed COL3A1 mutations [102]. First major events 
in this cohort were predominantly arterial dissection/rupture (63%), followed by 
digestive complications (26%). Arterial complications were predominantly local 
dissections and aneurysms at the iliac, renal and carotid arteries—80% presented 
complications at multiple locations. These data are comparable to those from large 
series from the US [103, 104] (Pepin). The US series indicated an increased risk for 
events in males, which was not confirmed in the French cohort. In many vEDS 
patients, the diagnosis is often only made after the occurrence of a catastrophic 
vascular complication or at postmortem examination. As is the case for most of the 
connective tissue disorders reported in this chapter, mortality rates and fatal out-
come of emergency procedures occur more frequently in patients who are unaware 
of the diagnosis. Multiple locations (synchronous) or recurring ruptures or dissec-
tions in different anatomical regions in medium sized arteries in individuals under 
the age 40 should raise this diagnostic consideration. The proximal and distal 
branches of the aortic arch, the descending thoracic aorta and abdominal aorta are 
often affected, as well as vertebral and carotid arteries. In a recent literature review, 
Berqvist et  al. reported arterial rupture without underlying aneurysm in 33% of 
patients with a serious hemorrhagic complication [105]. Aneurysm and arterial- 
venous fistula in the cavernous portion of the carotid (often referred to as a carotid- 
cavernous sinus fistula, CCSF) is a rare condition with a higher than expected 
prevalence in people with vEDS.

Mitral valve prolapse has been reported in several older case reports of vEDS 
[106, 107] but subsequent larger studies could not confirm this finding [108] indi-
cating that mitral valve prolapse is probably an aspecific finding in vEDS.

The unpredictability of the events renders management of patients with vascular 
Ehlers-Danlos syndrome particularly challenging. Blood pressure control and 
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avoidance of activities involving strenuous exercise is essential. Because of signifi-
cant risks of arterial pathology and fragility, any sudden onset of unusual pain needs 
prompt and meticulous investigation, by both clinical examination and appropriate 
non-invasive imaging.

In general, the management of a vascular dissection or rupture should be conser-
vative, whenever possible. Special surgical preventive measures need to be taken 
into account and surgery is more likely to be successful if the surgeon is well- 
informed about the condition [109]. More recently developed techniques for endo-
vascular repair have been used successfully in the right hands in small series [110]. 
The outcome of surgical management in such highly specialized centers is better 
than the average natural evolution but remains associated with high morbidity as 
demonstrated by complication in 46% in a series of 31 patients from the Mayo 
clinic and in 33% in 9 patients from the Johns Hopkins hospital [109, 110].

The pros and cons of serial vascular imaging, are elusive, but are probably at 
least potentially beneficial. One should balance the risk of causing anxiety 
against the potential benefits of detecting previously unknown aneurysms or 
progressive dilatations that are potentially treatable and potentially life-saving 
[109]. So far, the reduction of mortality or morbidity by serial imaging capable 
of predicting potential early signs of arterial wall weakness has not been sys-
tematically explored in vEDS.

The only drug with a proven beneficial effect in vEDS is the selective B1 
receptor blocker with B2 mimetic properties, celiprolol. A multicenter random-
ized open label controlled trial with celiprolol in 53 patients was ended prema-
turely due to treatment benefit with a 36% reduction in vascular events in the 
treated group as compared to the untreated group [111]. It needs to be acknowl-
edged though that the occurrence rate of vascular events remained high at 20% in 
the treated patient group.

20.4.4  Other Syndromic Heritable Connective Tissue Disorders

20.4.4.1  Multisystemic Smooth Muscle Cell Dysfunction Syndrome
The de novo R179H mutation in the ACTA2 gene causes a specific syndrome 
caused by generalized smooth muscle cell dysfunction [112]. Abnormal α-actin 
filaments lead to alterations in cellular contractile function. Clinical manifesta-
tions include hemodynamically significant patent ductus arteriosus necessitating 
intervention in neonatal life and early onset thoracic aortic aneurysms often 
requiring surgery in childhood. Additional cardiovascular features include dilata-
tion of the pulmonary arteries, the aortic arch, suprarenal abdominal aorta and 
head and neck vessels. Aortic coarctation and aortopulmonary window have also 
been reported [113].

All patients also show cerebrovascular abnormalities on imaging studies with 
fusiform dilatation of the internal carotids and stenoses at the more terminal por-
tions of these same vessels, reminiscent but not entirely similar to what is seen in 
Moya Moya disease [114, 115]. Other organ system manifestations include bilateral 
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periventricular white matter hyperintensities suggesting concurrent angiographi-
cally occult small vessel disease [114], congenital mydriasis or fixed dilated pupils 
hypotonic bladder and malrotation, and hyperperistalsis of the gasto intestinal tract.

Pulmonary manifestations include asthma, cystic lung disease in infancy and 
primary pulmonary hypertension necessitating bilateral lung transplantation at the 
age 18 months in one case [112, 116, 117]. Other ACTA2 mutations lead to milder 
forms of nonsyndromic H-TAD (see below).

20.4.4.2  Shprintzen Goldberg Syndrome
Shprintzen Goldberg syndrome is a rare craniosynostosis syndrome characterized 
by dysmorphic features including a marfanoid habitus, exopthalmos, hypertelorism, 
downslanting palpebral fissures and developmental delay. Cardiovascular manifes-
tations include aortic root dilatation/aneurysm and mitral valve prolapse. So far, no 
aortic dissection has been reported. The underlying gene defect has been identified 
as heterozygous mutations in exon 1 of the SKI gene [118, 119].

20.4.4.3  Arterial Tortuosity Syndrome
The hallmark of Arterial Tortuosity Syndrome (ATS) is marked tortuosity of the 
aorta and branching vessels. Arterial stenosis and aneurysms in the pulmonary and 
systemic vascular beds also occur frequently [120].

This autosomal recessive disorder is caused by mutations in a glucose transporter 
gene (GLUT10) [121].

20.4.4.4  Congenital Contractural Arachnodactylia
Congenital contractural arachnodactyly is a condition primarily affecting the skel-
eton with contractures of digits, elbows, and knees evident at birth, elongated long 
bones and kyphoscoliosis. In addition, the pinna of the ear is typically crumpled. 
Mitral valve prolapse and aortic root dilatation have been reported, with unknown 
frequency and generally in a milder degree than in MFS. Mutations in the FBN2 
gene account for about half of cases [122, 123].

20.4.5  Nonsyndromic Heritable Thoracic Aortic Disorders

Nonsyndromic H-TAD (NS H-TAD) is diagnosed in the presence of familial dilata-
tion and/or dissection of the thoracic aorta, in the absence of MFS, LDS, vEDS or 
other syndromic features, and in the absence of other predisposing factors for aortic 
disease such as smoking or hypertension. NS H-TAD is inherited as an autosomal 
dominant trait with decreased penetrance and variable expression [124].

Even with the use of advanced next generation sequencing techniques, mutations in 
NS-HTAD patients are identified in less than 20% of cases [125, 126]. Multiple genes 
are involved and, as can be appreciated from Table 20.2, mutations in nearly all genes 
reported in the setting of syndromic H-TAD entities may give rise to NS H-TAD.

Currently known causal genes that have been identified so far in H-TAD can be 
grouped into those affecting structure (i.e. genes encoding extracellular matrix 
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(ECM) components (FBN1, COL3A1, MFAP5, ELN, FBLN4)) and those that affect 
the ability to modify structure in response to changes in mechanical load imposed 
on the aortic wall. The latter group can be divided into genes encoding various pro-
teins involved in TGFβ signaling (TGFBR1, TGFBR2, TGFB2, TGFB3, SMAD3 ) 
and genes encoding proteins involved in vascular smooth muscle cell contractility 
(ACTA2, MYH11, MYLK, PRKG1, FLNA).

By definition, affected individuals with H-TAD present progressive aortic dilata-
tion of the sinuses of Valsalva and/or ascending aorta and/or ascending aortic dis-
section. In the majority of cases, enlargement of the aorta precedes dissection [127]. 
In NS H-TAD, the onset and rate of progression of aortic dilatation is highly vari-
able, with some individuals developing dilatation in childhood while others reach 
high age without aneurysms. A higher growth rate was observed in one study com-
paring familial to sporadic cases of TAD [128]. Individuals with familial H-TAD 
have a younger mean age at presentation than individuals with non-familial thoracic 
aortic aneurysms, but are older than individuals with Marfan syndrome [129]). 
Aortic dissection in childhood is rare.

An overview of main cardiovascular features of the syndromes described above 
and of NS H-TAD is provided in Table 20.2.

In 2007, 14 mutations in the ACTA2 gene were identified in 97 TAAD families, 
indicating this gene as a common underlying factor in TAD [130]. A recent study 
describing aortic features in a large series of patients with ACTA2 mutations indi-
cated that aortic events occurred in 48% of individuals, with the vast majority pre-
senting with thoracic aortic dissections (88%) associated with 25% mortality. Type 
A dissections were more common than type B dissections (54% versus 21%), but 
the median age of onset of type B dissections was significantly younger than type A 
dissections (27 years versus 36 years). In this extensive series, the lifetime risk for 
an aortic event was 76%, suggesting that additional environmental or genetic factors 
play a role in the expression of aortic disease in individuals with ACTA2 mutations 
[131]. Mitral valve prolapse in ACTA2 mutation patients is reported in only 3% of 
cases which is in contrast to Marfan syndrome and Loeys Dietz syndrome and 
approaches the prevalence in the general population. Patients harbouring specific 
ACTA2 mutations also show an increased risk for early onset stroke or coronary 
artery disease [131]

Patients with MFAP5 mutations present with aortic root dilatation, mostly occur-
ring at middle-age and associated with various and very mild syndromic features in 
some individuals (pectus deformities, mitral valve prolapse). Interestingly several 
patients also presented lone atrial fibrillation [132].

63% of the 31 patients reported with mutations in the PRKG1 gene presented 
with aortic dissection, commonly at a young age (mean 31 years) [133] Patients 
with MAT2A mutations have a predisposition for thoracic aortic aneurysms/dissec-
tions. Bicuspid aortic valves are seen more frequently [134].

The majority of patients with a mutation in the MYH11 gene also present a patent 
ductus arteriosus [135–138]. Aortic stiffness in mutation carriers is increased even 
in those without significant aortic dilatation [138].
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Abstract
The thoracic aorta is an extremely sophisticated structure which allows for the 
smooth conversion of pulsatile ventricular output to continuous arterial perfu-
sion. Its sophistication is determined by an increasingly well described network 
of interacting genes. When these genetic pathways are abnormal, the aorta is 
pre-disposed to dilation, aneurysm formation and associated risk of dissection. 
We here review the major genetic pathways involved through discussion of key 
clinical cases, and highlight areas of uncertainty where rapid advances are being 
made.

Keywords
Aortic sydromes • Genetic aortopathy • Aneurysm

21.1  Introduction

The thoracic aorta is a sophisticated and dynamic structure consisting of multiple 
cell types arranged in intimal, medial and adventitial layers [1]. It is ordinarily capa-
ble of transmitting the entire cardiac output approximately seventy times a minute 
for an entire lifetime and transforming intermittent cardiac ejection into continuous 
tissue perfusion, while withstanding the systemic blood pressure. This remarkable 
feat is achieved with little energy expenditure. It is also highly responsive to neuro-
hormonal as well as biophysical signals and adapts to changes such as exercise and 
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pregnancy. The aorta’s embryological formation and homeostasis depends on a 
large number of genes acting in concert.

Macroscopically, the normal thoracic aorta consists of a number of elements 
beginning at the aortic root (itself consisting of the aortic valve annulus, cusps, 
and sinuses of Valsalva), the ascending aorta (from the tubular portion of the 
aorta originating at the sinotubular junction to the innominate artery), the arch, 
and the descending aorta (Fig. 21.1). Aneurysmal dilation may affect any part of 
this system and is defined as permanent localized dilation of over 50% of the 
expected diameter. Ectasia describes dilation not reaching this cut-off. 
Arteriomegaly is defined as permanent, diffuse dilation of multiple arterial seg-
ments of at least 50%. The most feared sequela of aneurysmal dilation is aortic 
dissection, defined as disruption of the media layer with bleeding within and 
along the aortic wall.

Genetic influence upon these conditions may be thought of as (Table 21.1) [2]:

1
2

3

4 5
6

7

8

9

Fig. 21.1 Normal 
anatomy of the 
thoracoabdominal aorta 
with standard anatomic 
landmarks for reporting 
aortic diameter as 
illustrated on a volume- 
rendered CT image of the 
thoracic aorta. (1) Aortic 
sinuses of Valsalva; (2) 
Sinotubular junction; (3) 
Mid ascending aorta 
(midpoint in length 
between Nos. 2 and 4); (4) 
Proximal aortic arch (aorta 
at the origin of the 
innominate artery); (5) 
Mid aortic arch (between 
left common carotid and 
subclavian arteries); (6) 
Proximal descending 
thoracic aorta (begins at 
the isthmus, approximately 
2 cm distal to left 
subclavian artery); (7) Mid 
descending aorta (midpoint 
in length between Nos. 6 
and 8); (8) Aorta at 
diaphragm (2 cm above the 
celiac axis origin); (9) 
Abdominal aorta at the 
celiac axis origin

M. Ibrahim and N.D. Desai



649

 1. Syndromic: multi-organ phenotype from heritable genetic defects centered on 
the transforming growth factor-β (TGF-β pathway). This includes the Marfan 
syndrome, Loeys-Dietz Syndrome and others.

 2. Non-syndromic: these aortopathies are either familial with diverse genetic aei-
tologies (largely centered around the contractile apparatus) or are non-syndromic 
and are driven by conventional vascular risk factors including hypertension, age, 
smoking, diabetes and hypercholesterolemia.

Our improving genetic understanding is becoming more important to the man-
agement of thoracic aortic disease including risk stratification, operative planning 
and refined pharmacologic approaches.

21.2  Syndromic Aortopathies

21.2.1  Case 1

A 24 year old lady who has always been taller than her peers presents to your clinic 
for routine follow up of an aortic root aneurysm and mitral valve prolapse. Her clini-
cal history includes recurrent inguinal hernias and shortsightedness. Her father 
reportedly had heart surgery. A transthoracic echocardiogram reveals a 4.2  cm 
ascending aortic aneurysm without valvular regurgitation. A CT angiogram shows 
1.1 cm growth in the transverse diameter of the aneurysm since a year ago.

This case is prototypic of syndromic aortopathy: an inherited pleiotropic genetic 
disorder affecting the cardiovascular and other systems. In this case, a young lady 
presents with the classic features of the Marfan syndrome (MS). The commonest 
cardiovascular manifestations of MS include aortic root aneurysm and mitral valve 
prolapse. Its other systemic manifestations include overgrowth of long bones, 
reduced muscular mass, osteopenia and adiposity as well as craniofacial anomalies 
and ocular defects including ectopia lentis [3].

MS is rare autosomal dominant disease affecting 1 in 5000. A very few cases of 
autosomal recessive inheritance have been reported. The diagnosis of MS is not 
always straightforward. Clinical suspicion, especially in the absence of a clear fam-
ily history, may be lowered by the variability in the phenotype. The diagnosis of MS 
is based on the revised Ghent nosology, a range of features agreed upon by expert 
consensus to be diagnostic [4]. In these criteria, the presence of ectopia lentis and 

Table 21.1 Major categories of gene alterations driving inherited aortopathy

TGF-β Aortopathy (Syndromic) Smooth Muscle Contraction Aortopathy 
(Non-syndromic)

MS Familial Aortopathies
LDS BAV
Multi-system involvement Cardiovascular involvement
FBN1, TGFBR1, TGFBR2, TGFB2, TGFB3, 
SMAD2, SMAD3 and SKI

ACTA2, MYH11, MYLK, and PRKG1
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aortic aneurysm are the cardinal features and are diagnostic even in the absence of 
a family history. If either of these two are absent, a defect in the fibrillin 1 gene with 
a number of associated systemic defects is required to be diagnostic, based on a 
scoring system. Fibrillin 1 mutations also underlie other genetic syndromes includ-
ing mild aortic dilatation, skeleton and skin (MASS) syndrome and others [5].

In 1896, Antoine Marfan first described patients with the systemic features now 
recognized as pathognomonic for MS. The cardiac manifestations of this syndrome 
became apparent later in 1912. McKusick described the first series in the 1950s, 
characterized the cardiovascular defects in more detail and suggested MS repre-
sented a monogenetic inherited disorder [6]. Histological analysis of the Marfan 
aorta suggested what appeared to be pronounced medial degeneration, and defective 
tropoelastin deposition and collagen cross linking in early postnatal life. This led 
investigators to search for a genetic defect driving a structural weakness centered on 
impaired elastin formation, presumably driving aortic aneurysm formation. 
However, microdeletions in the only elastin gene in the human genome leads to 
Williams syndrome, characterized by supravalvular aortic stenosis and not dilation 
or aneurysm formation [7]. The same was true of point mutations in the elastin gene 
[8]. To complicate matters, some mutations in genes involved in elastogenesis do 
cause aneurysm formation, aortic tortuosity as well as stenosis, namely FBLN4 [9]. 
This demonstrates that similar genetic defects can result in markedly different phe-
notypes. These findings challenged the concept of a gene defect causing a simplistic 
structural weakness.

The fibrillin 1 gene was discovered to be the causative genetic defect in 1991 
[10]. This defect is inherited in an autosomal dominant fashion. This very large gene 
located at 15q21.1 has structural homology with TGF-β binding proteins and con-
tributes to the final structure of a microfibril. Indeed, the fibrillin gene interacts with 
the TGF-β signaling pathway to fine tune it. An important breakthrough in our 
understanding of this disease process came from the analysis of an animal model of 
fibrillin-1 gene defective mice who develop emphysema [11]. While their genetic 
defect is in the fibrillin-1 gene, they show significant TGF-β dysregulation charac-
terized by TGF-β sequestration, with persistent activation driving marked apoptosis. 
The fact that the administration of TGF-β neutralizing antibodies could eliminate 
many of these phenotypic features is consistent with an excess of TGF-β being a key 
feature driving pathogenesis. A large number of studies now provide conclusive 
evidence that excessive TGF-β activation is a causal and initiating event in several 
manifestations of MS including mitral valve disease, aortic dilatation and skeletal 
myopathy. In a seminal paper, Habashi et al. showed that in a mouse model of MS, 
aortic dilation was caused by excessive TGF-β activation, and could be prevented 
with either neutralizing antibodies or angiotensin receptor blockade [12].

The spectrum of aortopathy in MS is wide. It may range from abnormal aortic stiff-
ness to aortic dissection. The cardinal histologic features are elastic llamelae fragmenta-
tion, excessive collagen and mucopolysaccharide deposition and a paucity of vascular 
smooth muscle cells. At a macroscopic level, aneurysm formation principally affects the 
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proximal thoracic aorta, especially the aortic root (in up to 80% of MS patients [13]) 
with severe aortoannular ectasia and dilated aortic sinuses and annulus.

The standardized clinical follow up of MS patients includes precautions (exer-
cise limitations), beta blockade and serial imaging. The imaging modality of choice 
depends on the extent of the disease, but EKG gated computerized tomography 
(CT) provides rapid, detailed imaging. Cardiovascular magnetic resonance can also 
provide detailed imaging of the aorta. As noted above, in animal models of MS, 
angiotensin blockade appears to ameliorate aortic dilatation. Milleron et al., in a 
randomized clinical trial, showed that losartan reduced the blood pressure but did 
not limit aortic dilatation over a three year follow up period in MS patients [14], 
reaffirming the primacy of beta blockade. This conflicts with other data, for exam-
ple from the COMPARE trial, showing that losartan can reduce aortic dilation in 
MS patients [15]. How can this conflicting data be reconciled? It appears that the 
specific MS genotype may influence the sensitivity to specific pharmacologic thera-
pies as well as survival [16]. Franken et al. showed that losartan was effective in 
reducing the rate of aortic dilatation only in MS patients with FBN1 mutations caus-
ing haploinsufficiency, which (compared to patients with a dominant negative muta-
tion) is associated with a 1.6X risk of any aortic complication and a 2.5X risk of 
cardiovascular death [17]. This may be because in haploinsufficiency the aortic wall 
is thinner, and more prone to damage, resulting in increased activation of angioten-
sin and TGF-β. Losartan is able to prevent this augmented TGF-β production, 
reducing blood pressure, proinflammatory and myofibroblast responses, and pro-
duction of reactive oxygen species. Overall these data show that MS is not a single 
clinical entity and that improved understanding of the gene-phenotype interaction 
will lead to more tailored therapies.

By the age of 60, 100% of MS patients have aortic root dilatation of some degree 
and 75% have had aortic root replacement due to excessive dilatation, aortic dissec-
tion or aortic insufficiency [5]. In degenerative aortic aneurysm disease, a transverse 
dimension of 5.5 cm is generally used as the trigger for surgical evaluation of repair 
[18]. However, in patients with inherited aortopathy a smaller dimension of between 
4 and 5 cm is suggested. This is a problematic area however, as repair too early 
exposes what is already a young patient population to the risks of complications 
unnecessarily. On the other hand, a significant number of patients experience a dev-
astating progression of their disease at dimensions significantly smaller than those 
which would trigger repair under current guidelines. Is there a better way of evaluat-
ing risk in these patients? Franken et al. showed that circulating TGF-β levels could 
act as a risk marker as elevated levels correlated with larger aortic dimensions, a 
faster rate of growth and earlier aortic surgery [19]. MS patients with FBN1 muta-
tions have low risk for dissection at diameters below 5.5 cm [20]. Small variations 
in the FBN1 gene called single nucleotide polymorphisms (SNPs) amongst people 
without MS, increases risk of aortic dilatation and dissection [21]. This may also be 
relevant to risk of dissection within MS populations, and studies are currently 
underway to assess this.
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21.2.2  Case 2

A 22 male with a background of patent ductus arteriosus, and with multiple sys-
temic features including hypertelorism and cleft palate with bifid uvula presents to 
your aortopathy clinic. CT angiogram reveals widespread tortuosity of the arterial 
tree and a 4.3 cm ascending aortic aneurysm.

There are a number of genetic aortopathy syndromes similar to MS including 
Loeys-Dietz syndrome (as in Case 2), aneurysm osteoarthritis syndrome, Ehlers- 
Danlos syndrome and others which all share aortic dilatation and aneurysm for-
mation but additionally include multi-system involvement [22]. Loeys and Dietz 
described their syndrome in a series of patients who showed mutations in the 
TGF-β receptors 1 and 2 (genes TGFBR1 and TGFBR2). These patients have 
marfanoid features with hypertelorism, craniofacial anomalies, club feet, easy 
bruising and dystrophic scars. Their aortopathy is more variable than MS and can 
affect the entire vascular tree. Their propensity for aortic dilation and dissection 
is more pronounced, and they tend to dilate at younger ages and dissect at smaller 
transverse diameters than MS patients [23, 24]. As for MS, TGF-β signaling 
appears to play a major role.

The TGF-β pathway is a regulatory cytokine pathway which is responsible 
for directing embryogenesis and maintaining tissue homeostasis (reviewed in 
detail in [25]). Its expression is tightly regulated. TGF-β is activated by prote-
ases, allowing TGF-β binding sites to bond with TGF-β ligands. This results in 
downstream signaling which occur in the canonical and non-canonical 
pathways.

In the canonical pathway, TGF-β ligand binding events trigger its receptor kinase, 
leading to the phosphorylation of regulatory molecules termed SMADs. Further 
signal transduction events lead to the formation of a complex with co-SMADs 
which is imported into the nucleus and regulates gene transcription. This signal 
transduction pathway is substantially antagonized by the proto-oncogene SKI which 
acts by repressing SMAD3 and inhibiting TGF-β signaling. Mutations in all the ele-
ments described in the canonical pathway are associated with syndromic aortopathy 
including LDS at the level of the TGF-β receptor (TGFB1, TGFBR2, TGFB2, 
TGFB3); aneurysm-osteoarthritis syndrome (SMAD3) and Shprintzen-Goldberg 
Syndrome (SKI1), which is a rare disease with many similarities to MS including 
craniofacial anomalies and aortopathy.

TGF-β signaling can also occurs through an alternative, SMAD independent 
pathways termed the non-canonical pathway. This involves a number of molecular 
players including RAS-MAPK, c-Jun and the Ras homolog gene family, member 
a which is a regulator of the serine/threonine kinase ROCK1 which influences 
many aspects of smooth muscle cell contraction [26]. Histologic analysis shows 
that overexpression of TGF-β is a hallmark in syndromic and non-syndromic aor-
topathy (below). Animal models suggest that mutations in canonical TGF-β sig-
nalling as described above in syndromic TAD, drive upregulation of the 
non-canonical pathway and an overall activation of TGF-β [27]. This likely occurs 
due to loss of inhibitory feedback from canonical pathways and resultant 
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over-activation of non-canonical pathways. This is termed the TGF-β paradox and 
drives epithelial to mesenchymal cell fate transformation influencing fibrosis, 
wound repair and valve development.

In a similar fashion to that already discussed for MS, genetic factors may help to 
risk stratify and therefore inform management decisions in LDS. In LDS patients, 
who have TGFBR1 and TGFBR2 mutations, aortic dissection occurs at diameters 
less than 5.0 cm [23, 24]. In addition, these patients show aneurysms of other arter-
ies. The TGFBR2 mutation appears to increase risk more than TGFBR1, especially 
in men [24]. These findings have led to the recommendation that these patients 
undergo operative management at 4.2 cm [18].

21.2.3  Case 3

A 37 year old female presents for surgical evaluation following a screening echocar-
diogram triggered due to her brother having known bicuspid aortic valve disease. 
She has no symptoms. An echocardiogram reveals a bicuspid aortic valve and 
4.7 cm proximal ascending aorta without regurgitation.

Bicuspid aortic valve (BAV) is the commonest congenital heart defect and 
represents a complex familial syndrome. In first-degree relatives, there is a prev-
alence of 9% [28]. The connection between BAV and TAD was identified by 
Abbott in 1928. Initially thought of a simple mechanical consequence of post-
stenotic blood flow, the aortic dilation of BAV is now properly understood to be 
a primary aortopathy. Unlike the other syndromes discussed above, which have 
a far lower incidence, the risk of dissection is diminutive; for example the inci-
dence of MS is 0.02% with a risk of dissection of 40%, whereas BAV has an 
incidence of 1–2% and a risk of dissection of approximately 5% [29]. It is clear 
that a number of different gene mutations may give rise to BAV. For example, 
BAV is found in mice with mutations in Nkx2.5, Gata5, Nos3, Matr3, Adamts5, 
Brg1 and HoxA1 (reviewed in [22]). NOTCH1 mutations have been reliably and 
consistently associated with BAV syndrome in humans [30]. The aorta in BAV 
shows many features of primary aortopathy with increased elastic fibre damage, 
a relative deficiency in fibrillin 1 and augmented levels of matrix metallic pro-
teinases and smooth muscle cell apoptosis [31–33]. The aortopathy in BAV 
occurs in distinct patterns affecting the aortic root alone in 10%, the ascending 
aorta alone in 10%, the ascending aorta and transverse arch in 28%, and the 
aortic root, ascending aorta and proximal transverse arch in 45% [34]. This sug-
gests that our understanding of BAV disease as a single entity is likely overly 
simplistic.

No clear genetic basis nor pathophysiologic mechanism has been elucidated for 
BAV aortopathy. This is in part due to low penetrance and possible multi-genetic 
aetiology [35, 36]. While it is now thought that BAV is a type of aortopathy syn-
drome, it is not reasonable to extrapolate the cut-offs for management of syndromic 
TAD to BAV patients as this exposes this cohort to unacceptable surgical risk with-
out a clear benefit [37].
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21.3  Non-Syndromic Tad

21.3.1  Case 4

A 45 year old male presents with a 5.5 cm ascending aortic aneurysm following a 
screening chest CT. He is asymptomatic. He reports that his grandfather died of 
aortic dissection in his 1940s. He does not have diabetes, hypertension, hypercho-
lesterolemia and is a lifelong non smoker.

Non-syndromic TAD can be subdivided into non-familial and familial varieties. 
Non familial non-syndromic TAD represents degenerative aortic dilatation and 
aneurysm formation as a consequence of conventional vascular risk factors includ-
ing hypertension, hypercholesterolemia, smoking and diabetes. Familial non- 
syndromic TAD is a complex disorder affecting at least two family members. Aortic 
disease in these patients presents earlier in life, progress more rapidly and is not 
driven by classical vascular risk factors. It’s genetics are more complex than the 
syndromic TADs and mutations appear to be centered on the contractile apparatus 
of vascular smooth muscle cells. The genes implicated include MYH11, MYLK, 
PRKG1 [38–40]. MFAP5 regulates the interaction between microfibrils and elastic 
fibres and has been found to be mutated in some forms of familial TAD [41]. 
MAT2a, a gene encoding a adenyltransferase highly expressed in aortic smooth 
muscle cells, is also found in some families with familial TAD [42]. The most com-
mon mutation accounting for familial TAD is ACTA2 which encodes for actin in 
vascular smooth muscle cells, and accounts for up to 14% of familial TAD [43]. 
Patients with ACTA2 mutations show variable penetrance, with some mildly or 
largely unaffected. On the other hand, some ACTA2 mutations portend a significant 
risk of dissection, at small dimensions typically below 5.0 cm [44]. These patients 
also typically have livedo reticularis, iris floccule, patent ductus arteriosus and BAV.

21.3.1.1  Clinical Management of Genetic TAD
The aim of the management of the patient cohorts described above is to avoid aortic 
dissection. To do this requires optimal medical management, surveillance of the 
thoracic aorta radiologically, risk stratification based on a combination of genetics, 
imaging and conventional risk factors in order to make sound recommendations on 
the timing (and nature) of operative management and thereby avoid the potentially 
devastating consequences of acute aortic dissection or rupture, while delaying the 
risks of surgery until necessary.

A number of imaging modalities can be used to assess these patients. Transthoracic 
echocardiography is a painless, noninvasive, rapid and non-radiating modality 
which is widely available. Measurements should be taken of internal diameters, 
perpendicular to blood flow. EKG-gated CT and MRI are also useful modalities 
with the advantage of imaging the entire thoracic aorta and beyond. In these modali-
ties, external diameters perpendicular to blood flow should be recorded. These 
modalities are less prone to user variability, although standardization in recording is 
important. Use of the same modality and same reader over serial examinations is 
useful.
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Current generation multi-detector helical CT has sensitivity and specificity 
approaching 100% for aortic dissection [45]. In an acute setting, CT is probably the 
single best imaging modality (unless the patient is unstable or very high risk, when 
transesophageal echocardiography should be performed). These generally include a 
non-contrast image to detect intramural haematoma, followed by a contrast phase to 
define dissection, reveal malperfusion and exclude rupture. The vascular tree should 
be imaged from the thoracic inlet to the pelvis including the iliac and femoral 
arteries.

The imaging modality of choice and frequency of screening is different for the 
different syndromes. For any aortopathy, the advent of interval symptoms should 
prompt immediate re-imaging, probably by EKG gated CT. In initial presentation of 
Marfan syndrome, a transthoracic echo to assess the extent of aortic root dilation 
and the presence of aortic regurgitation should be performed. This should be 
repeated at 6 months to assess for rapid progression. Once stability has been docu-
mented, it is recommended to image these patients annually, unless the aortic 
dimension exceeds 4.5 cm or there is rapid growth, or the patient is pregnant, when 
more frequent monitoring may be warranted. Conversely in a LDS patient or in a 
patient with a high risk mutation (including ACTA2, TGFBR1/TGFBR2 FBN1, and 
MYH11), it is important to assess the entire aorta in detail. In LDS specifically, 
owing to the propensity for dispersed aneurysms throughout the arterial tree, an 
MRI may be best for detecting such aneurysms and should be performed from the 
brain to the pelvis [46]. In addition, in Turner syndrome patients, it is important to 
image the heart and aorta to exclude BAV, coarctation and aortic dilatation; if initial 
imaging is reassuring, interval imaging every 5–10 years is appropriate, otherwise, 
annual screening is advised.

In addition, it is advisable that first degree relatives of those with thoracic aortic 
dilatation or high risk mutations undergo assessment to include genetic testing and 
imaging. If a first degree relative is identified with a mutation and proven to have 
aortic dilation, then assessment of second degree relatives is recommended also.

A risk reduction program to reduce the rate of progression of aortic dilation and 
avoid dissection is essential. Risk reduction consists of general measures including 
patient education and aggressive vascular risk factors modification: cessation of 
smoking, tight diabetes control, blood pressure control and treatment for hypercho-
lesterolemia. Blood pressure goals for aortic dilation are less than 140/90 or less 
than 130/80 in those with diabetes or renal disease. It is uncontroversial that beta 
blockade is a first line agent, with the addition of ACE inhibitors or angiotensin 
receptor blockers in adition [47–49].

The normal aorta is highly adaptive and changes in the short and long term when 
faced with different environmental stressors. These pose a challenge in managing 
risk in patients with genetic TAD. Pregnancy accentuates the risk of rapid aortic 
dilation and dissection in syndromic TAD and if aortic dimensions exceed 4.0 cm in 
a MS patient contemplating pregnancy, she should be considered for preemptive 
surgical repair prior to pregnancy [50]. In any case, pregnancy in a patient with 
known aortopathy should trigger closer monitoring by serial imaging using non- 
radiating modalities. These patients should be counselled specifically about the risk 
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of aortic dissection and the heritable nature of the disease. Exercise is another 
potential stress on the aorta. There is currently no outcomes research to support any 
specific recommendation. Most clinicians would advise against high exertion exer-
cise which may increase aortic wall stress [51].

21.3.1.2  Operative Management
Having appropriately followed and risk stratified these patients, the key decision is 
timing and extent of surgery. Case 1 describes a young lady with MS who presents 
with an aortic root aneurysm and mitral valve disease. At 4.2 cm, the size of her 
aneurysm alone would make her a surgical candidate since the recommendation is 
to operate somewhere between 4.0 and 5.0 cm [18, 52]. In addition, she demon-
strates rapid growth in excess of 0.5  cm/year, meeting an additional criteria for 
consideration for surgery. Further, she is a young female and may undergo the stress 
of pregnancy in the next decade. All in all, these features suggest operative manage-
ment may be appropriate. The patient in this scenario also has mitral valve disease, 
which could be repaired concomitantly if it were causing moderate or severe regur-
gitation. Case 2 describes a patient with LDS and a 4.3 cm aortic aneurysm. Again 
this patient would meet the criteria for operative management based on an aortic 
diameter of greater than 4.2 cm in the setting of LDS [18]. Case 3 describes a lady 
with BAV and significant aortic aneurysm with a maximum diameter of 4.7 cm. 
BAV is classified as a genetic aortopathy and current guidelines recommend consid-
ering operative management for all these patients between 4.0 and 5.0 cm [18]. In 
addition, were she to require surgery for aortic valve disease (even if she did not 
have congenital BAV), it would be reasonable to consider repair at a dimension of 
greater than 4.5 cm. Case 4 describes a patient with familial, non-syndromic aortic 
aneurysm. These patients are considered for surgery in the same manner as syn-
dromic patients described above. Details of the operative management of these 
patients is beyond the scope of this chapter. However, a brief overview of the thought 
process underlying these operations is given.

In patients with syndromic and familial TAD, aggressive resection of the aortic 
sinuses, ascending aorta and proximal arch is favored due to the risk of late reopera-
tion when more conservative approaches are adopted [53]. This involves resection 
to the level of the innominate artery on the greater curvature and to the level of the 
subclavian on the lesser curvature. This so called aggressive hemi-arch approach 
provides good protection against future arch aneurysms. If the aneurysm extends 
well into the arch and descending thoracic aorta, full arch replacement is performed 
usually with the elephant trunk procedure [54]. Briefly, this is a staged procedure 
which involves replacement of the ascending aorta and arch with a Dacron graft, the 
distal end of which is sutured beyond the subclavian artery with the free end of the 
graft lying within the descending aneurysm. A Dacron cuff provides a distal attach-
ment zone for an endovascular stent graft which is deployed in a second stage pro-
cedure, and whose proximal landing zone is the free elephant trunk in the descending 
aneurysm. Another consideration is treatment of the aortic valve. Often these 
patients do not require valve replacement. When valve replacement is required, the 
normal considerations apply in weighing biological and mechanical prostheses. In 
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genetic TAD, including BAV, the pulmonary autograft root is not favored due to the 
potential for intrinsic disease.

Aortic dissection is a devastating sequela of TAD, and the management and risk 
stratification described above is designed to prevent it. Patients presenting with high 
risk features for aortic dissection, such as tearing retrosternal chest pain of sudden 
onset, evidence of malperfusion of abdominal viscera or extremity malperfusion/
blood pressure differential, known aortic valve disease, known genetic aortopathy, 
recent aortic manipulation or a new murmur of aortic regurgitation should have an 
emergent cardiac surgical evaluation. Initial management consists of EKG (coro-
nary dissection is rare, meaning that ST changes make ischaemic cardiac pain more 
likely than aortic dissection, and management should be initially directed toward 
that unless the patient is high risk for aortic dissection). Urgent aortic imaging 
should be obtained. In a high risk patient with convincing features this may be per-
formed via transesophageal imaging in the operating theatre. Otherwise, a stat CT 
should be obtained to investigate the extent of dissection and identify an intimal 
tear. There are five classes of intimal tear. Type I is classic false lumen formation 
with a septum and intimal tear. The lumens communicate, often in the descending 
aorta. Type II represents intramural haematoma, often without an obvious intimal 
tear which is found intraoperatively. Type III consists of intimal tear without haema-
toma an eccentric aortic bulge, and are difficult to detect; MS patients are prone to 
this. These may result in rupture. Type IV represents a penetrating atherosclerotic 
ulcer with localized haematoma. These often progress to Type I. Type V represent 
iatrogenic, often catheter induced or traumatic dissection. In addition, it is essential 
to define the extent of dissection, which is described by the Debakey or Stanford 
classifications.

Initial therapy focuses on heart rate and blood pressure reduction with intrave-
nous beta blockade titrated to a heart rate of 60. If beta blockade is contraindicated, 
intravenous nondihydropyridine calcium channel blockers are used. If, following 
adequate heart rate reduction, the systolic BP remains over 120 then intravenous 
ACE inhibitors are used. For all dissections involving the ascending aorta, urgent 
operative management is mandatory unless contraindicated (normally due to devas-
tating neurological injury or comorbidities). Evidence of ischaemia, especially 
combined generalized and localized branch artery ischaemia is highly predictive of 
mortality [55]. Medical management of descending dissections is appropriate in the 
absence of a complication such as malperfusion necessitating urgent operative inter-
vention. In general, all aneurysmal aorta and the proximal dissection should be 
excised and replaced. Partial dissection of the root can be managed with valve resus-
pension, while extensive root dissection should be treated with full root replacement 
with a composite graft or valve sparing root replacement [56].

 Conclusions

The thoracic aorta is an elegant and tightly regulated structure, normally able to 
withstand the systemic blood pressure and respond to physiologic stressors. Its 
embryogenesis and tissue homeostasis is choreographed by a wide array of 
genes. Mutations, mostly inherited, can make the aorta susceptible to dilation, 
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aneurysm formation and dissection. There has been tremendous progress in 
understanding the genetic basis of inherited aortopathy, and in some cases this 
provides important clinical indicators of risk and responsiveness to various ther-
apies. The full details of how this occurs, specific genotype/phenotype relation-
ships and how our expanding knowledge of the genetics underlying these diseases 
ought to influence clinical management remains uncertain.
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Abstract
Coronary artery disease (CAD) is an important clinical problem because of its 
large contribution to mortality. Disease prevention is an important strategy for 
reducing the overall burden of CAD, with the identification of markers for dis-
ease risk being key both for risk prediction and for potential intervention to lower 
the chance of future cardiovascular events. Recent genome-wide association 
studies (GWAS) demonstrated that single nucleotide polymorphisms at chromo-
some 9p21.3 or other loci were associated with CAD. In this review, we sum-
marize genetics of CAD and susceptibility loci and genes for this condition 
identified by GWASs. We also review in more detail studies that have revealed 
the association with CAD of genetic variants at chromosome 9p21.3 identified 
by GWASs. Such studies may provide insight into the function of implicated 
genes as well as into the role of genetic factors in the development of CAD.
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22.1  Introduction

Recent progress in human genetics and genomics research, highlighted by comple-
tion of the nucleotide sequences of the human genome by the Human Genome 
Project [1], has provided substantial benefits to clinical medicine, including facilita-
tion of the characterization of disease pathogenesis at the molecular level and the 
development of panels of genetic markers for assessment of disease risk. In particu-
lar, determination of single nucleotide polymorphisms (SNPs) and haplotype blocks 
and the specification of tag SNPs in each haplotype block for diverse ethnic groups 
by the International HapMap Project [2] have led to increasingly effective approaches 
to the identification of genetic variation associated with various multifactorial dis-
eases, providing new insight into the pathogenesis of these conditions. Furthermore, 
technological developments such as microarrays analyzing gene expression, geno-
types of SNPs, or DNA methylation that provide huge amounts of genetic informa-
tion have made possible the detection of genetic differences among individuals at 
the whole-genome level.

Selection of the most appropriate strategies for disease prevention or therapy on 
the basis of genetic information for a given individual is referred to as personalized 
or precision medicine. In conventional medicine, medications are prescribed on the 
basis of the diagnosis and severity of the disease. However, the efficacy of drugs and 
the incidence of side effects vary among individuals. The goal of treatment based on 
genetic or genomic information is to be able to predict therapeutic outcome or side 
effects in an individual, thereby increasing the effectiveness and safety of therapy. 
In addition, the clarification of disease etiologies at the molecular level and the 
identification of genetic variants that confer disease susceptibility are likely to con-
tribute both to disease prevention and to the development of new medicines.

Coronary artery disease (CAD) is a serious clinical problem because of its large 
contribution to mortality. In the United States, the total numbers of individuals 
affected by CAD or myocardial infarction (MI) in 2012 were 15.5 million and 7.6 
million, respectively. The annual incidence of new or recurrent MI or ultimately fatal 
CAD was 965,000, with an annual mortality of 370,213 from these conditions, in 
2013 [3]. Despite recent advances in therapy, such as drug-eluting stents [4] for acute 
coronary syndrome, CAD remains the leading cause of death in the United States [3]. 
Disease prevention is an important strategy for reducing the overall burden of CAD, 
and the identification of biomarkers for disease risk is key both for risk prediction 
and for potential intervention to reduce the chance of future coronary events.

The main causal and treatable risk factors for CAD include hypertension, diabe-
tes mellitus, dyslipidemia, chronic kidney disease, obesity, and smoking. In addi-
tion to these risk factors, recent studies have highlighted the importance of genetic 
factors and of interactions between multiple genes and environmental factors in this 
condition [5, 6]. The heritability of CAD was estimated to be 40–50% on the basis 
of family and twin studies [7]. The common forms of CAD are thus thought to be 
multifactorial and to be determined by many genes, each with a relatively small 
effect, working alone or in combination with modifier genes or environmental fac-
tors (or both). The “common disease, common variants hypothesis” proposes that 
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genetic variants present in many normal individuals contribute to overall CAD risk. 
In addition, susceptibility to CAD may be conferred, in part, by rarer variants [8].

22.2  Familial Aggregation of CAD

Twin and family studies have established that CAD aggregates in families, with a 
family history of early-onset CAD having long been considered a risk factor for the 
disease [9]. The familial clustering of CAD might be explained in part by heritable 
quantitative variation in known CAD risk factors. However, evidence suggests that 
family history contributes to an increased risk of CAD independently of the known 
risk factors [10, 11]. High-risk families account for a substantial proportion of 
early-onset CAD cases in the general population [12]. A history of early-onset 
CAD in a first-degree relative approximately doubles a person’s risk of CAD, 
although the reported relative risk ranges from 1.3 to 11.3 [11, 13–15]. The highest 
relative hazard of CAD-related death is seen in monozygotic twins, when one twin 
dies of early-onset CAD [11]. Furthermore, sibling history of MI seems to be a 
greater risk factor than parental history of early-onset CAD [16]. A family risk 
score for CAD has been proposed to evaluate the ratio of observed CAD events to 
expected events in an individual’s first-degree relatives, with adjustment for age 
and sex at the onset of the first event [17]. A higher family risk score is associated 
with greater CAD risk [18].

22.3  CAD and MI Associated with Mendelian Disorders

Genes responsible for familial hypercholesterolemia and Tangier disease are the 
prototypical examples of causal genes for CAD and MI associated with Mendelian 
disorders. Familial hypercholesterolemia is an autosomal dominant disorder charac-
terized by pronounced increases in the serum concentrations of total cholesterol and 
low density lipoprotein (LDL)–cholesterol. Cholesterol deposition accounts for the 
associated findings, which include tendon xanthomas and markedly increase the 
risk for CAD and MI. One of the underlying causes of familial hypercholesterol-
emia is a defect in the LDL receptor, which is responsible for the uptake of most 
circulating LDL-cholesterol by the liver. Familial hypercholesterolemia is an 
uncommon disorder, and homozygosity for an associated mutation results in excep-
tionally high LDL-cholesterol levels that lead to progressive CAD and MI in the 
first decade of life. In addition to mutations of the LDL receptor gene (LDLR), 
familial hypercholesterolemia can be caused by mutations in the apolipoprotein 
B100 gene (APOB), proprotein convertase subtilisin/kexin type 9 gene (PCSK9), 
cytochrome P450, family 7, subfamily A, polypeptide 1 gene (CYP7A1), and LDL 
receptor adaptor protein 1 gene (ARH). Studies of the molecular basis of familial 
hypercholesterolemia led to identification of the pathways of LDL-cholesterol 
metabolism and the subsequent development of HMG-CoA reductase inhibitors, 
statins [8, 18–22].
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Rare allelic variants of genes thought to influence high density lipoprotein 
(HDL)–cholesterol metabolism, including those for ATP-binding cassette, subfam-
ily A, member 1 (ABCA1), apolipoprotein A-I (APOA1), and lecithin-cholesterol 
acyltransferase (LCAT), are associated with syndromes characterized by a low 
plasma concentration of HDL-cholesterol but are also found in individuals from the 
general population with low HDL-cholesterol levels [23, 24]. Tangier disease is a 
rare autosomal recessive disorder characterized by diffuse deposition of cholesterol 
esters throughout the reticuloendothelial system and by the classic manifestation of 
enlarged yellow tonsils. Affected individuals have low plasma HDL-cholesterol lev-
els as a result of loss-of-function mutations in ABCA1 [25–27]. In families affected 
by Tangier disease, the onset of CAD occurs substantially earlier in mutation carri-
ers than in noncarriers [28, 29]. The increased incidence of early-onset CAD in 
ABCA1 mutation carriers is likely attributable to the accumulation of lipid-laden 
macrophage foam cells in the vascular wall and the consequent development and 
progression of atherosclerosis [30].

The genes for familial hypercholesterolemia and Tangier disease were identified 
by linkage analysis, given that each condition segregates in a Mendelian pattern 
with a clear marker for the presence of the mutant gene. Clinical genetic testing is 
available for both of these disorders. The efficacy of testing is limited, however, to 
confirmation of the clinical diagnosis in an individual with an abnormal lipid profile 
or to prenatal diagnosis. The real power of genetic testing is to identify at-risk indi-
viduals who cannot otherwise be identified because they lack other clinical or labo-
ratory markers [20]. Several Mendelian disorders of lipid metabolism associated 
with increased CAD risk have yielded new insight into the mechanisms of CAD. The 
examination of disease pathogenesis and gene function in such Mendelian disorders 
may increase our understanding of the etiology of complex traits [31]. In addition, 
common variation in genes implicated in Mendelian disorders might be used to 
determine disease susceptibility in the general population [18].

22.4  Strategies for Genetic Analysis of CAD

There are two basic strategies for identifying genes that influence the predisposi-
tion to CAD: linkage analyses and association studies (Fig. 22.1). Linkage analysis 
involves the proposition of a model to account for the pattern of inheritance of a 
phenotype observed in a pedigree. It determines whether the phenotypic locus is 
transmitted together with genetic markers of known chromosomal position [32]. 
Linkage analysis is an effective means to identify highly penetrant genetic variants 
responsible for the disease in large multigenerational families that include many 
affected individuals with a Mendelian or Mendelian-like mode of inheritance. The 
power of linkage analysis, however, is limited in detection of genetic variants with 
low to moderate effects for multigene disorders with a low family penetrance. 
Association studies determine whether a certain allele occurs at a frequency 
higher than that expected by chance in individuals with a particular phenotype. 
Such an association is thus suggested by a statistically significant difference in the 
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prevalence of alleles with respect to the phenotype [33]. Association studies con-
sisted of two strategies: the candidate gene approach and the genome-wide 
approach [34]. The candidate gene approach involves the direct examination of 
whether an individual gene or genes might contribute to the trait of interest. This 
strategy has been widely applied to analysis of the possible association between 
genetic variants and disease outcome, with genes selected on the basis of a priori 
hypotheses regarding their potential etiologic role. It is characterized as a hypoth-
esis-testing approach because of the biological observation supporting the pro-
posed candidate gene. The candidate gene approach is not able, however, to identify 
disease-associated polymorphisms in unknown genes. Numerous candidate genes 
and SNPs have been implicated, but those that show reproducible associations 
between risk allele and CAD or MI in replication studies are few. In the genome-
wide approach, single nucleotide polymorphisms (SNPs) or copy number varia-
tions (CNVs) distributed throughout the entire genome are used to identify genomic 
regions that harbor genes that influence the trait of interest with a detectable effect 
size. This is a hypothesis- generating approach, allowing the detection of previ-
ously unknown potential trait loci.

Genome-wide approach

Linkage analysis
(microsatellite markers)

Candidate locus Candidate gene

Association study
(SNPs, CNVs)

GWAS
(SNPs, CNVs)

Candidate gene approach

Linkage analysis
(microsatellite markers)

Association study
(polymorphisms)

Association study
(SNPs)

Susceptibility genes
for coronary artery disease

Functional analysis

Pathogenesis of
coronary artery disease

Fig. 22.1 Strategies for identifying susceptibility genes for coronary artery disease. There are two 
basic strategies for identifying genes that influence coronary artery disease or myocardial infarc-
tion, the genome-wide approach and the candidate gene approach, both of which rely on linkage 
analyses and association studies. In the genome-wide association study (GWAS), single nucleotide 
polymorphisms (SNPs) or copy number variations (CNVs) distributed throughout the entire 
genome are used to identify genomic regions that harbor genes that influence the trait of interest 
with a detectable effect size. The candidate gene approach involves the direct examination of 
whether an individual gene or genes might contribute to the trait of interest
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The recent development of high-density genotyping arrays has improved the reso-
lution of unbiased genome-wide scans for SNPs associated with multifactorial dis-
eases [35]. Currently, the genome-wide association study (GWAS) makes use of 
high-throughput genotyping technologies that include up to 4.5 million markers for 
SNPs and CNVs to examine their relation to clinical conditions or measurable traits. 
GWASs have identified a lot of SNPs associated with various diseases or traits, many 
in genes not previously suspected of having a role in the condition studied, and some 
in genomic regions containing no known genes. GWASs represent a substantial 
advance in the search for genetic variants that confer susceptibility to multifactorial 
polygenic diseases. GWASs, however, had disadvantages that previously available 
marker sets were designed to identify common alleles [minor allele frequency (MAF) 
of ≥5%] and were not well suited to study the effects of low- frequency and rare vari-
ants within a gene of interest. Recent exome or whole genome sequencing studies 
have successfully uncovered a lot of low-frequency and rare variants and have sys-
tematically evaluated their associations with complex traits [36, 37]. A more cost-
effective genotyping exome array including common, low-frequency, and rare 
variants were also used to perform exome-wide association studies [38].

22.5  Mendelian Randomization

Mendelian randomization analysis is a relatively recent development in genetic epi-
demiology based on Mendel’s second law, which states that the inheritance of one 
trait is independent of that of other traits [39, 40]. It relies on common genetic poly-
morphisms that are known to influence exposure patterns (such as the propensity to 
drink alcohol) or to have effects equivalent to those produced by modifiable expo-
sures (such as an increased serum cholesterol concentration). Associations between 
genetic variants and outcomes are not generally confounded by behavioral or envi-
ronmental exposures, with the result that observational studies of genetic variants 
have similar properties to intention to treat analyses in randomized controlled trials. 
The simplest way of appreciating the potential of Mendelian randomization analysis 
is to consider applications of the underlying principles. The inferences that can be 
drawn from Mendelian randomization studies depend on the different ways in which 
genetic variants can serve as a proxy for environmentally modifiable exposures [41].

Key Points
• Twin and family studies have established that CAD aggregates in families, 

with a family history of early-onset CAD being considered a risk factor for 
the disease.

• Genes responsible for familial hypercholesterolemia and Tangier disease 
are the prototypical examples of causal genes for CAD and MI associated 
with Mendelian disorders.

• Genome-wide association studies have identified genetic variations that 
confer susceptibility to many common complex diseases.

• Mendelian randomization analysis is based on Mendel’s second law, which 
states that the inheritance of one trait is independent of that of other traits.
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22.6  GWAS of CAD or MI

Recent GWASs in European ancestry populations [42–49], African Americans [50], 
or Han Chinese [51, 52] have identified various genes and loci that confer susceptibil-
ity to CAD or MI. A meta-analysis of GWASs for CAD in European ancestry popula-
tions identified 46 loci with a genome-wide significance level and 104 variants at a 
false discovery rate of <5% [53]. These genetic variants typically have a MAF of ≥5% 
and a small individual effect size, and they collectively account for only ~10.6% of the 
heritability of CAD [53]. A more recent meta-analysis for CAD among European 
ancestry populations that included low-frequency (0.5% ≤ MAF < 5%) variants iden-
tified 58 loci with a genome-wide significance level and 202 independent variants at a 
false discovery rate of <5% [54]. These genetic variants together account for ~28% of 
the heritability of CAD, showing that genetic susceptibility to this condition is largely 
determined by common variants with small effect sizes [54, 55]. The GWASs and 
meta-analyses of GWASs have implicated chromosome 9p21.3 as well as various 
other loci and genes in predisposition to CAD or MI mainly in Caucasian populations. 
The published results of GWASs for CAD or MI [53, 54] are summarized in Table 22.1. 
In the following sections, the CDKN2B antisense RNA 1 gene (CDKN2B-AS1) 
located at chromosome 9p21.3 that was identified by GWASs and the proprotein con-
vertase subtilisin/kexin type 9 gene (PCSK9) that was of particular interest in the 
genetics of CAD are reviewed.

Table 22.1 Chromosomal loci, genes, and SNPs shown to be associated with coronary artery 
disease or myocardial infarction by meta-analyses of genome-wide association studies [53, 54]

Chromosomal locus Gene SNP
Nucleotide (aminoacid) 
substitution

1p32.2 PLPP3 rs17114036 G→A
1p32 rs11206510 C→T
1p24 rs515135 G→A
1p21 CELSR2 rs646776 A→G
1q21 IL6R rs4845625 C→T
1q42 TAF1A rs17464857 T→G
2p24 rs16986953 G→A
2p21 ABCG8 rs6544713 C→T
2p11.2 VAMP5 rs1561198 A→G
2q22.3 TEX41 rs2252641 G→A
2q33.2 WDR12 rs6725887 C→T
3q22.3 MRAS rs9818870 T→C
4q12 NOA1 rs17087335 G→T
4q31.2 rs1878406 C→T
4q32.1 GUCY1A3 rs7692387 G→A
5q31.1 SLC22A4 rs273909 T→C
6p24.1 PHACTR1 rs12526453 C→G
6p24.1 ADTRP rs6903956 A→G
6p21.31 ANKS1A rs17609940 G→C

(continued)
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Table 22.1 (continued)

Chromosomal locus Gene SNP
Nucleotide (aminoacid) 
substitution

6p21 KCNK5 rs10947789 T→C
6q23.2 TCF21 rs12190287 C→G
6q25.3 SLC22A3 rs2048327 A→G
6q26 PLG rs4252120 T→C
7p21.1 HDAC9 rs2023938 A→G
7q22.3 BCAP29 rs10953541 C→T
7q32.2 ZC3HC1 rs11556924 C→T (Arg→His)
7q36 NOS3 rs3918226 C→T
8p22 LPL rs264 G→A
8q24.1 rs2954029 A→T
9p21 CDKN2B rs3217992 G→A
9q34.2 rs579459 C→T
10p11.23 KIAA1462 rs2505083 T→C
10q11.21 rs2047009 A→C
10q23.2-q23.3 LIPA rs11203042 C→T
10q24.32 CNNM2 rs12413409 G→A
11p15 SWAP70 rs10840293 G→A
11q22.3 rs974819 A→G
11q23.3 ZPR1 rs964184 C→G
12q21.3 ATP2B1 rs7136259 T→C
12q24 SH2B3 rs3184504 C→T (Arg→Trp)
12q24.22-q24.23 KSR2 rs11830157 T→G
13q12 FLT1 rs9319428 G→A
13q34 COL4A1 rs4773144 G→A
14q32 HHIPL1 rs2895811 T→C
15q22.33 SMAD3 rs56062135 C→T
15q25 rs7173743 C→T
15q26.1 rs8042271 G→A
15q26.1 FURIN rs17514846 A→C
17p13.3 SMG6 rs216172 C→G
17p11.2 rs12936587 A→G
17q21.32 UBE2Z rs46522 C→T
17q23 BCAS3 rs7212798 C→T
18q21.3 rs663129 C→T
19q13 TOMM40 rs2075650 G→A
19q13.11 LOC400684 rs12976411 A→T
19p13.2 SMARCA4 rs1122608 G→T
21q22.1 rs9982601 C→T
22q11.22 POM121L9P rs180803 C→A
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22.6.1  Chromosome 9p21.3 (CDKN2B-AS1)

Independent GWASs based on the use of SNP microarrays identified five SNPs on 
chromosome 9p21.3 that were associated with CAD or MI in several white cohorts 
[44, 45, 47, 49]. McPherson et  al. [45] identified two susceptibility SNPs 
(rs10757274, rs2383206) that were located within 20 kbp of each other on chromo-
some 9p21.3 and were associated with CAD in a Canadian population and five other 
white cohorts. Helgadottir et al. [44] described an association between MI and two 
SNPs (rs2383207, rs10757278) located in the same 9p21.3 region in an Icelandic 
population, and they replicated the finding in four white cohorts. The same genetic 
locus (rs1333049) was also identified by a GWAS performed with 1926 CAD cases 
and 3000 controls from a British population [49], and the finding (rs1333049) was 
replicated in a German population [47]. This locus was then shown to be associated 
with ischemic stroke [56, 57]. Interestingly, the independent population-based case- 
control studies also identified several SNPs at 9p21.3 that were significantly associ-
ated with type 2 diabetes mellitus in white populations in England [58], Finland 
[59], and Sweden [60]. In addition to MI, a SNP rs10757278 at this locus was found 
to be associated with abdominal aortic aneurysm and intracranial aneurysm [61]. 
Schunkert et al. [62] genotyped rs1333049 (C→G) representing the 9p21.3 locus in 
seven case-control studies including a total of 4645 subjects with MI or CAD and 
5177 controls. The risk allele (C) of this SNP was uniformly associated with MI or 
CAD in each study, with pooled analysis revealing the odds ratio per copy of the 
risk allele to be 1.29. Meta-analysis of rs1333049 in 12,004 cases and 28,949 con-
trols provided further evidence for association of this SNP with MI or CAD, yield-
ing an odds ratio of 1.24 per risk allele.

Although this broad replication of the association with chromosome 9p21.3 pro-
vides important new information on the molecular genetics of CAD and MI, the 
underlying mechanism is as yet elusive. The region is defined by two flanking 
recombination hot spots and contains the coding sequences of genes for two cyclin- 
dependent kinase inhibitors, CDKN2A and CDKN2B (Fig. 22.2). These genes play 
an important role in regulation of the cell cycle and belong to a family of genes that 
have been implicated in the pathogenesis of atherosclerosis as a result of their con-
tribution to inhibition of cell growth by transforming growth factor, beta 1. However, 
the SNPs associated most strongly with MI or CAD lie considerably upstream of 
these genes, with the nearest being located 10 kbp upstream of CDKN2B. Therefore, 
other explanations for the association of the 9p21.3 region with MI or CAD was 
required to be considered [62].

The high-risk CAD haplotype at 9p21.3 [T (rs10116277)–T (rs6475606)–G 
(rs10738607)–T (rs10757272)–G (rs10757274)–G (rs4977574)–G (rs2891168)–G 
(rs1333042)–G (rs2383206)–G (rs2383207)–C (rs1333045)–G (rs10757278)–C 
(rs1333048)–C (rs1333049)] overlapped with CDKN2B antisense RNA 1 
(CDKN2B-AS1), a large antisense non-protein coding RNA that was identified by 
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deletion analysis of an extended French family with hereditary melanoma–neural 
system tumors [63]. Reverse transcription and polymerase chain reaction analysis 
showed that CDKN2B-AS1 is expressed in atheromatous human vessels (specimens 
of abdominal aortic aneurysm or carotid endarterectomy), which manifest a cell 
type profile similar to that of atherosclerotic coronary arteries. CDKN2B-AS1 was 
found to be expressed in vascular endothelial cells, monocyte-derived macrophages, 
and coronary smooth muscle cells, all of which contribute to atherosclerosis [64].

Conserved noncoding sequence derived from the 9p21.3 risk allele exhibited 
significantly higher levels of enhancer activity compared to the reference conserved 
noncoding sequence. The observed difference in the regulatory activity of con-
served noncoding sequence is attributable to rs1333045 (C→T) that is in strong 
linkage disequilibrium with representative SNPs of the previously defined 9p21.3 
risk region. These findings indicate that the 9p21.3 risk allele alters activity of regu-
latory sequence which in turn may lead to changes in expression levels of 
CDKN2B-AS1 or other genes relevant to atherosclerosis [65]. Furthermore, SNPs at 
the 9p21.3 may act as a molecular switch resulting in reciprocal changes in expres-
sion levels of the short and long CDKN2B-AS1 transcripts. The risk allele may 
modify expression of cell cycle regulatory genes by reducing expression of the long 
CDKN2B-AS1 transcript or by increasing expression of the short CDKN2B-AS1 
transcripts, thereby promoting a proliferative phenotype in arterial smooth muscle 
cells or other cell types relevant to atherosclerosis [65]. CDKN2B-AS1 also interacts 
with polycomb repressive complex-1 and -2, leading to epigenetic silencing of other 
genes in this cluster and to alteration of expression of several genes related to cel-
lular proliferation [65]. These observations suggest that a conserved noncoding 
sequence at the 9p21.3 locus has enhancer activity and that the risk allele of 
rs1333045 within conserved noncoding sequence increases transcriptional activity 

Chromosome 9p21.3

rs1333049 (CAD)
rs10757278 (MI)

CDKN2B-AS1

21802636 22824213

LOC107987054

DMRTA1

LINC01239

CDKN2B

CDKN2A-AS1

CDKN2A

MTAP

TUBB8P1
UBA52P6

Fig. 22.2 Genomic region at chromosome 9p21.3. The SNPs at 9p21.3 associated with CAD 
or MI overlap with CDKN2B antisense RNA 1 (CDKN2B-AS1), a large antisense non-protein 
coding RNA
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in vascular smooth muscle cells. The allelic variants at the 9p21.3 locus may thus 
mediate the increased predisposition to CAD or MI by altering expression levels of 
short and long CDKN2B-AS1 transcripts, which in turn may affect cellular prolif-
eration pathways [65].

Expression analysis in peripheral blood mononuclear cells revealed that tran-
scripts EU741058 and NR_003529 of CDKN2B-AS1 were increased in carriers of the 
risk haplotype. In contrast, transcript DQ485454 remained unaffected, suggesting 
differential expression of CDKN2B-AS1 transcripts at 9p21.3. Results were repli-
cated in whole blood and atherosclerotic plaque tissue. Moreover, expression of 
CDKN2B-AS1 transcripts (EU741058, NR_003529) was directly correlated with 
severity of atherosclerosis. These observations may provide evidence for an associa-
tion of CDKN2B-AS1, but not CDKN2A, CDKN2B, C9orf53, or MTAP, with athero-
sclerosis and 9p21.3 genotype [66].

The 9p21.3 locus has also been associated with platelet reactivity and the 
increased platelet reactivity may explain the association with MI and ischemic 
stroke [67]. Visel et al. [68] examined mice deficient of the whole 70 kbp region at 
9p21 and observed excessive proliferation of smooth muscle cells and also several 
neoplasms. These studies confirm that the 9p21 region is a regulator of the cyclin-
dependent kinase inhibitors in mice as in humans [68, 69]. Harismendy et al. [70] 
observed a SNP in a STAT1-binding site located in the 58 kbp DNA region of 9p21. 
Given that interferon mediates its effect on inflammation, in part through the STAT1 
sequence, interferon-γ may mediate the risk of 9p21 for CAD [70]. However, the 
effects of interferon-γ on CDKN2A/B are independent of the 9p21 risk variant [71]. 
Furthermore, the effects of type 1 interferon, including interferon-α-21, are not 
associated with the 9p21 risk variant [69, 72]. Although chromosome 9p21.3 region 
(CDKN2B-AS1) was confirmed to be a susceptibility locus for CAD or MI, the 
functional mechanisms by which SNPs at this locus confer susceptibility to these 
conditions have not been determined definitively.

22.6.2  PCSK9

The PCSK9 story is one of successful examples of how human genetic research iden-
tify a new therapeutic target and facilitate drug development. Abifadel et al. [73] dis-
covered gain-of-function mutations (Ser127Arg, Phe216Leu) in PCSK9, which were 
associated with hypercholesterolemia and the increased prevalence of CAD. This was 
followed by a discovery of loss-of-function mutations (Tyr142X, Cys679X) in 2.6% 
of African-American individuals, which was associated with a 28% reduction in the 
mean plasma LDL-cholesterol concentration and an 88% reduction in the risk of 
CAD [74]. This observation demonstrated that a lifelong exposure to a relatively 
small reduction in plasma LDL-cholesterol levels protect individuals against 
CAD.  PCSK9 increases plasma LDL-cholesterol by binding to the LDL receptor, 
leading to its degradation. Normally, LDL receptor binds to LDL- cholesterol, then 
internalizes and transfers LDL-cholesterol for degradation and recycles to the surface, 
which is prevented by PCSK9. Inhibition of PCSK9 represents a novel approach to 
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lowering the plasma concentrations of LDL-cholesterol, and the most successful 
agent is a monoclonal antibody against PCSK9 [75, 76]. Inhibition of PCSK9 
increases the removal of LDL-cholesterol from the plasma and is complementary to 
the effect of statin therapy that decreases its production. Thus, inhibition of PCSK9 
provides a novel therapy for hyper-LDL-cholesterolemia that is required in the pre-
vention of CAD [69].

22.7  Exome or Whole-Genome Sequencing Studies for CAD

Previous GWASs and meta-analyses of GWASs have implicated various loci and 
genes in predisposition to CAD or MI. Most of the genetic variants identified in 
these studies have a MAF of ≥5% and a small individual effect size. Given that 
these common variants explain only a fraction of the heritability of CAD and MI, 
low-frequency (0.5% ≤ MAF < 5%) or rare (MAF < 0.5%) variants with larger 
effect sizes likely contribute to the genetic architecture of this condition [77]. 
Technological development of next-generation sequencing have made possible the 
detection of low-frequency and rare variants in individuals at the whole-exome or 
-genome level.

Exome sequencing related to CAD has identified low-frequency or rare variants 
previously established genes involved in lipoprotein metabolism. These genes 
include those affecting plasma LDL cholesterol concentrations (PSCK9, LDLR, 
and NPC1L1) or plasma triglyceride levels (APOA5, APOC3, LPL, and ANGPTL4) 
[78–82]. A low-frequency variant in SVEP1 was associated with CAD through a 
mechanism of action involves effects on systolic and diastolic blood pressure [79].

Key Points
• Independent GWASs based on the use of SNP microarrays have identified 

five SNPs on chromosome 9p21.3 that were associated with CAD or MI in 
several white cohorts. Meta-analysis of rs1333049 provided further evi-
dence for association of this SNP with MI or CAD, yielding an odds ratio 
of 1.24 per risk allele.

• Although broad replication of the association with chromosome 9p21.3 
provides important new information on the molecular genetics of CAD and 
MI, the underlying mechanism is as yet elusive. Clarification of the func-
tional relevance of SNPs at 9p21.3 to CAD and MI may provide insight 
into the pathogenesis of these conditions as well as into the role of genetic 
factors in their development.

• PCSK9 increases plasma LDL-cholesterol levels by binding to the LDL 
receptor, leading to its degradation. Gain-of-function mutations in PCSK9 
were associated with hypercholesterolemia and the increased prevalence 
of CAD, whereas loss-of-function mutations in this gene were associated 
with decreases in plasma LDL cholesterol and risk of CAD.
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Whole-genome sequencing has identified rare loss-of function variants (12-bp 
deletion in intron 4, Trp158X) in ASGR1 that are associated with decreases in plasma 
concentrations of LDL cholesterol and triglycerides and a reduced risk of CAD. These 
variants disrupt the function of ASGR1 and represent a link between the sialylation 
pathway and atherosclerotic diseases [83]. Whole-genome sequencing offers the 
additional benefit of identifying the low-frequency and rare variants in noncoding 
regulatory regions of an individual’s genome. The effects sizes for such noncoding 
variants are not likely to be greater than those observed for causal variants within 
exons or common noncoding variants discovered by GWASs [84]. The discovery of 
loci not previously implicated by GWAS may be particularly challenging [85].

22.8  Clinical Implication

The increasing body of information garnered from studies on the genetics of CAD 
has resulted in the emergence of a greater understanding of the etiology of this dis-
ease. Such knowledge may have clinical implications for the prevention, diagnosis, 
prognosis, and treatment of CAD. The genes responsible for the pathogenesis of 
CAD as well as their encoded proteins are potentially important therapeutic targets 
in the design of new treatments for the disease. Genetic markers are potential diag-
nostic tools for assessment of individuals at risk of developing the disease. Genetic 
markers of the disease together with examination with laboratory or radiological 
examinations might also form the basis for promotion of preventive therapies in 
individuals at risk of CAD. It should remember, however, that gene-gene and gene- 
environment interactions make interpretation of information based on genetic mark-
ers of CAD more complex than is that of information based on markers for 
monogenic disorders. Another use of genetic markers might be to distinguish treat-
ment responders from nonresponders and to identify patients who are at risk of 
developing unfavorable side effects. It is likely that the use of gene polymorphisms 
to predict the response to and adverse effects of therapies for CAD will increase in 
the future and will give rise to major advances in patient care. Genetic analysis of 
CAD is thus likely to have important direct clinical applications.

Key Points
• Technological development of next-generation sequencing has made pos-

sible the detection of low-frequency and rare variants in individuals at the 
whole-exome or -genome level.

• Exome sequencing has identified low-frequency or rare variants previously 
established genes affecting plasma LDL cholesterol concentrations (PSCK9, 
LDLR, and NPC1L1) or plasma triglyceride levels (APOA5, APOC3, LPL, 
and ANGPTL4).

• Whole-genome sequencing has identified rare loss-of function variants in 
ASGR1 that are associated with decreases in plasma concentrations of 
LDL cholesterol and triglycerides and a reduced risk of CAD.

22 Genetics and Genomics of Coronary Artery Disease



674

 Conclusion

In this chapter, CAD and MI associated with single-gene disorders and the sus-
ceptibility loci and genes for common forms of these diseases are summarized. 
There has been a growing effort to find genetic variants that confer risk for CAD 
and MI as a means to understand the underlying biological events. Clarification 
of the functional relevance of SNPs at various loci to CAD and MI may provide 
insight into the pathogenesis of these conditions as well as into the role of genetic 
factors in their development. Such studies may ultimately lead to the personal-
ized prevention of these conditions. In the future, we may have the ability to use 
specific agents particularized for certain genetic susceptibility factors, thereby 
increasing efficacy and limiting side effects of treatment. Identification of sus-
ceptibility genes for CAD and MI and clarification of the functional relevance of 
genetic variants to these conditions will thus contribute to the precision medicine 
of CAD and MI.
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Abstract
Chronic immune-mediated inflammatory diseases (IMIDs) are characterized by 
a high prevalence of cardiovascular disease (CVD) which constitutes the leading 
cause of morbidity and mortality among such patients. The increase in CV events 
is attributed mainly to accelerated atherosclerosis and endothelial dysfunction 
with inflammation providing the pivotal link. The association of IMID with ath-
erosclerosis suggests a common pathogenic mechanism. Genomic and proteomic 
studies performed on atherosclerotic plaques have confirmed the presence of 
gene and protein profile similar to that observed in autoimmune diseases with 
cardiovascular risks. Traditional risk assessment usually underestimates CVD 
risk in IMID. In IMID inflammation and autoimmunity further promote athero-
sclerosis. Evidence is accumulating indicating heterogeneity in the vascular 
involvement underlying different autoimmune rheumatic diseases. Recent 
research provides evidence that genes explain the higher prevalence of CVD in 
patients with chronic IMID. Epigenetic mechanisms seem to influence inflam-
mation and CVD associated with IMID. Genomic and proteomic studies will aid 
to identify novel patterns of biomarkers, while together with the traditional risk 
factors, the novel non-taditional risk factors might help target better screening.
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23.1  Introduction

Chronic immune-mediated inflammatory diseases (IMID) such as Rheumatoid 
arthritis (RA), Systemic lupus erythematosus (SLE), Anti-phospholipid syndrome 
(APS), Sjögren’s syndrome (SS), Systemic sclerosis (SSc), Psoriatic arthritis (PsA), 
Sarcoidosis and Vasculitis are characterized by a high prevalence of cardiovascular 
disease (CVD) which constitutes the leading cause of morbidity and mortality among 
such patients [1].

The spectrum of cardiovascular manifestations with chronic IMID is wide affect-
ing the myocardium, endocardium including cardiac valves, pericardium and vascu-
lature [1, 2].

An array of clinical studies have shown that chronic IMID have a higher preva-
lence of cardiovascular events compared to the general population. The increase in 
CV events is attributed mainly to accelerated atherosclerosis and endothelial dys-
function with inflammation providing the pivotal link [2–4].

Chronic IMID are linked to accelerated premature atherosclerosis. Cardiovascular 
diseases are chronic diseases associated with an inflammatory component and 
inflammation is a risk factor for coronary artery disease [5, 6].

Atherosclerosis is now recognized as an autoimmune-inflammatory disease. 
Both humoral and cellular immune mechanisms have been implicated to participate 
in the onset and progress of atheromatous lesions [6–9].

Recent genomic and transcriptomic studies have implicated certain cytokines, 
surface receptors, signalling pathways and cell types in the pathogenesis of inflam-
matory rheumatic diseases [9, 10]. The association of IMID with atherosclerosis 
suggests a common pathogenic mechanism. Genomic and proteomic studies per-
formed on atherosclerotic plaques have confirmed the presence of gene and protein 
profile similar to that observed in autoimmune diseases with cardiovascular risks 
[11]. Traditional risk assessment usually underestimates CVD risk in IMID.  In 
IMID inflammation and autoimmunity further promote atherosclerosis. Evidence is 
accumulating indicating heterogeneity in the vascular involvement underlying dif-
ferent autoimmune rheumatic diseases (Fig. 23.1). Epigenetic mechanisms seem to 
influence inflammation and CVD associated with IMID [12, 13]. The increased 
understanding of the mechanisms promoting damage has led to a focus on pro-
inflammatory pathways. Some of the mechanisms that drive atherosclerotic plaque 
formation are shared with several autoimmune diseases although each disease may 
have particular immunologic abberrations.The application of genomic technologies 
have aided in explaining the common pathophysiological mechanism linking ath-
erosclerosis and CVD in IMID such as RA and SLE [10–14].

Recent research provides evidence that genes explain the higher prevalence of 
CVD in patients with chronic IMID. The use of genetic profiling, has shown that 
specific genetic loci that have been linked with CVD risk in the general population 
have been found to be significantly increased in association with CVD risk among 
chronic IMID patients, for example the RA risk gene CFLAR-CASP8.These find-
ings represent an important step towards characterising the genetic basis of CVD 
risk in chronic IMID [14–18].
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23.2  Rheumatoid Arthritis

Cardiovascular disease is the leading cause of death in RA [1]. Ischemic heart dis-
ease secondary to atherosclerosis is the most prevalent cause of death associated with 
CVD in RA [19]. Cardiac involvement in RA also includes pericarditis and com-
monly coexistent pericardial effusion which can evolve into constrictive pericarditis, 
increased incidence of congestive heart failure, mitral and aortic valve involvement, 
rarely heart block and pulmonary hypertension secondary to lung fibrosis [20]. 
Systemic inflammation is the cornerstone of both RA and atherosclerosis.

Observational studies in RA cohorts with different characteristics report an 
increased incidence rate for CVD morbidity and mortality. Several studies indicate 
a double risk compared to the general population which is comparable to the 
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cardiovascular risk in diabetes mellitus [21–23]. Traditional risk factors are incrimi-
nated, however traditional risk factors alone do not explain the higher cardiovascu-
lar risk in RA.

Cardiovascular risk is increased even before the clinical onset of RA. Studies 
have demonstrated that the first signs of atherosclerosis exist even before the onset 
of RA. Furthermore, early signs of atherosclerosis have been found to correlate with 
systemic inflammatory and disease severity markers [24, 25].

Rheumatoid arthritis and atherosclerosis are both regarded as inflammatory- driven 
diseases [24]. Epidemiological, clinical and laboratory studies have implicated 
chronic inflammation and immune dysregulation in RA and atherosclerosis [26, 27].

Yet, another factor that links atherosclerosis to RA is a common genetic back-
ground [19]. Several recent investigations report gene polymorphisms that are asso-
ciated with a higher risk of CVD in RA.  HLA-DRB1and CFLAR-CASP8 are 
examples of genes linked to increased cardiovascular risk in RA [19].

A wide array of subphenotypes and mortality due to CVD occur in RA including 
coronary artery disease, myocardial infarction (MI), peripheral vascular disease, 
hypertension, thrombosis and left ventricular diastolic dysfunction; the general 
prevalence reaching up to 50% [28].

In addition to the traditional risk factors (advanced age, male gender, smoking, 
obesity, sedentary lifestyle, family history of CVD, obesity, type 2 diabetes melli-
tus, metabolic syndrome, hypertension, dyslipidaemia and hyperhomocysteinae-
mia) [29, 30] several nontraditional risk factors are also associated with CVD and 
RA. HLA-DRB1 shared epitope (SE)- HLA-DRB1 alleles are related to chronic 
inflammation, high disease activity, endothelial dysfunction, increase in cardiovas-
cular events, atherosclerotic plaques and premature mortality [29–33]. Being a car-
rier of a single copy of HLA-DRB1 SE is associated with increased risk of 
atherosclerotic plaques in RA [33].

Non-HLA genetic factors including polymorphisms in tumour necrosis factor 
alpha, interleukin 6 (IL-6), endothelin-1, nuclear factor of kappa light polypeptide 
gene enhancer in B-cells 1(NF-kβ1), vascular endothelial growth factor-A(VEGFA), 
methylene tetrahydrofolate reductase(MTH-FR), TNF receptor-associated factor 
1(TRAF1/C5), signal transducer and activator of transcription 4(STAT4), plasmino-
gen activator inhibitor type-1(PAI-1), tumor necrosis factor receptor II(TNFR-II), 
acid 5 phosphatase locus (ACP1), factor XIIIA, lymphotoxin-A (LT-A), transform-
ing growth factor beta (TGF-β), glutathione S-transferase (GSTT1) and galectin-2 
(LGALS2) genes are associated with CVD risk and predisposition to cardiovacular 
complications in RA patients [34, 35].

RA-associated autoantibodies such as anti-cyclic citrullinated peptide antibodies 
(anti-CCP) and rheumatoid factor immunoglobulin M (RF-IgM) have been shown 
to be related related to impaired endothelial function and are independently associ-
ated with impaired left ventricular relaxation and development of IHD.  Immune 
complexes from RF can be deposited in the endothelium leading to endothelial dys-
function and atherosclerosis through inflammatory reactions. RF titers are also 
independently predictive of endothelial dysfunction and increased mortality in RA 
[5, 9, 36–38].
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Anti-oxidized low-density lipoprotein antibodies (anti-ox-LDL), antiphospholipid 
antibodies (APLA), anticardiolipins antibodies (ACLA), APLA, anti- apolipoprotein 
A-1(anti-ApoA-1), antiphosphorylcholine antibodies (anti-PC), anti-HSP: anti-heat 
shock proteins antibodies (anti-HSP 60/65) and anti- malondialdehyde modified LDL 
(anti-MDA-LDL) antibodies are associated with inflammation, atherosclerosis and 
increased risk for CVD [36–39].

Other non-traditional risk factors for CVD in RA patients include: extra-articular 
manifestations which increase CVD risk 3-fold;long duration of disease, prolonged 
RA with chronic inflammation have more extensive atherosclerosis; glucocorticoid 
use, patients receiving more than 7.5 mg per day have twice the risk of CVD; high 
disease activity (disease activity scores DAS-28) and the chronic proinflammatory 
state (high markers of inflammation-C-reactive protein (CRP), erythrocyte sedi-
mentation rate (ESR), TNF-α), IL-6, interleukin-17 (IL-17), hepcidin, serum pen-
traxin- 3 (sPTX-3) and haptoglobin are associated with increased risk of CVD and 
cardiovascular adverse events. Additional nontraditional risk factors that have been 
shown to increase the risk of CVD in RA patients are hypothyroidism which 
increases CVD risk 4-fold and periodontal disease [39–44].

23.3  Systemic Lupus Erythematosus and Antiphospholipid 
Syndrome

Systemic lupus erythematosus (SLE) and antiphospholipid syndrome (APS) are 
two highly related IMID associated with an increased risk of developing CVD 
[45]. Despite the great progresses made in understanding the pathological mecha-
nisms leading to CVD in those pathologies, there is still the unmet need to improve 
long term prognosis [46–49]. Cardiovascular diseases in SLE and APS is thought 
to happen as the result of a complex interaction between traditional CVD risk fac-
tors, immune deregulation and disease activity [50, 51], including the synergic 
effect of cytokines, chemokines, adipokines, proteases, autoantibodies, adhesion 
receptors, oxidative stress and a plethora of intracellular signalling molecules. 
Genomic and epigenomic analyses have further allowed the identification of spe-
cific signatures explaining the proathero-thrombotic profiles of APS and SLE 
patients [52].

Patients with SLE are 5–6 times more likely to have a significant coronary event 
than people in the general population. Apart from the established risk factors men-
tioned above, a number of nontraditional novel risk factors are associated with CVD 
and SLE [53].

Cardiac involvement in SLE includes: pericarditis which is clinically significant 
in 25% of the cases although autopsy series have shown 60%–80% involvement, 
pericardial effusion (which may occur as a complication of renal failure), coronary 
atherosclerosis, acute coronary syndrome and valvular disease in the form of sterile 
vegetations (Libman-Sacks endocarditis) and mitral valve involvement [54, 55].

In SLE, the pathogenesis of CVD is multi-factorial and complex, involving an 
interaction between inflammation-induced and autoantibody-mediated vascular 
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injury and thrombosis from the underlying disorder and traditional CVS risk fac-
tors. SLE-related factors seem to be involved in all stages of atherosclerosis [56].

Though the exact pathogenesis of atherosclerosis in systemic lupus remains elu-
sive, an imbalance between endothelial damage and atheroprotection seems to be a 
central event [57]. Insults leading to endothelial damage in lupus include oxidized 
low density lipoprotein (oxLDL), autoantibodies against endothelial cells and phos-
pholipids, type I interferons (IFN) and neutrophil extracellular traps (NETs) directly 
or through activation of type I IFN pathway [58–60]. Increased oxidative stress, 
reduced levels of the normally antioxidant high density lipoprotein (HDL), increased 
levels of proinflammatory HDL (piHDL) and reduced paraoxonase activity have 
been related to increased oxLDL levels [58–60].

Processes integral to the pathogenesis of SLE, including immune complex for-
mation and complement activation are involved in endothelial injury and local 
inflammation. The upregulated CD40–CD40–ligand interactions in SLE may influ-
ence many processes, ranging from promoting inflammatory processes to contribut-
ing to thrombus formation. The CD40–CD40–ligand is another immune-mediated 
interaction, common to both SLE and atherosclerosis that leads to upregulation of 
adhesion molecules on endothelial cells [61]. Furthermore, several risk factors 
closely related to inflammation and autoimmunity (several auto antibodies and their 
respective autoantigens) have been identified as possible factors in development and 
progress of atherosclerosis namely; oxidized low density lipoprotein (LDL) and 
anti-oxidized LDL, beta 2-glycoprotein 1 [β2GP1 and anti-β2GP1], lupus antico-
agulant, ACLA, APLA, heat shock(hsp) protein and anti-hsp autoantibody systems; 
activation of endothelial MMP-2 by MMP-9 contained in netosis bodies (NETs) as 
an important player in endothelial dysfunction and MMP-9 as a novel self-antigen 
in SLE [62–66].

A considerable genetic component for CVD is with interferon regulatory factor 8 
(IRF8) as a strong susceptibility locus and tumour necrosis factor receptor- associated 
factors (TRAF3IP2) associated with the the occurrence of pericarditis [62, 67].

As with RA, longer disease duration, higher disease activity and increased levels 
of inflammatory markers (CRP, ESR), use of glucocorticoids (>10 mg/day), vascu-
lopathy, menopausal status and use of hormone replacement therapy are associated 
with increased CVD risk in SLE patients. Recently, a number of studies have dem-
onstrated that lower baseline levels of 25-hydroxy vitamin D are associated with 
more active SLE and increased risk for CVD [68–70].

23.3.1  Anti-Phospholipid Syndrome (APS)

The APS is a prothrombotic state that affects both the venous and arterial circulations. 
Cardiac involvement in APS includes: valve abnormalities (thickening of leaflets, valve 
dysfunction and sterile vegetations), thrombotic and atherosclerotic coronary occlu-
sion, intracardiac thrombus, pulmonary hypertension, ventricular hypertrophy and dys-
function. Thrombotic events are the clinical hallmark of APS expressed as carotid 
disease, coronary artery disease, valvular thickening due to deposition of immune com-
plexes and PVD, all of which are significant risk factors for stroke [71–75].
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23.4  HLA-B27-Associated Spondyloarthropathies (SpA)

Spondyloarthropathies are chronic IMID associated with accelerated atherosclero-
sis and with a higher CVD risk than the general population [1]. Subclinical athero-
sclerosis manifested by endothelial dysfunction, carotid intima thickness and carotid 
plaques has been observed in ankylosing spondylitis and psoriatic arthritis [1].

Cardiovascular involvement in spondyloarthropathies includes frequent aortic 
root disease (dilatation and aortic valve regurgitation), venous thromboembolism 
(VTE), IHD, conduction disease in up to one third of cases which is generally pro-
gressive and rarely pericarditis [76]. Patients with AS, PsA and uSpA are at increased 
risk for acute coronary syndromes and stroke events, which emphasizes the impor-
tance of identification of and intervention against cardiovascular risk factors in SpA 
patients [77, 78].

The accumulation of CCR7 (chemokine receptor 7) positive cells in the vessel 
wall may be involved in endothelial dysfunction and subsequent accelerated athero-
genesis. CCR7 plays a crucial role in T cell and monocyte migration/homing and in 
priming of naive T lymphocytes in non-lymphoid tissues in IMID. In AS, miRNA-
 16 and miRNA-221 are aberrantly expressed in T cells [79–81].

23.4.1  Psoriasis/Psoriatic Arthritis

Psoriasis/psoriatic arthritis (PsA) are common chronic, inflammatory, immune- 
mediated skin/arthritic diseases with a high incidence of atherosclerosis and cardio-
vascular disease [82–85].

Several studies have shown that patients with psoriasis, especially younger 
patients and those with more severe forms of psoriasis or with psoriatic arthritis, 
have a higher prevalence of risk factors and metabolic syndrome, as well as an 
increased risk of major cardiovascular events such as myocardial infarction, cere-
brovascular disease, and peripheral arterial disease [86, 87].

Increased prevalence of subclinical atherosclerosis in PsA patients is caused by 
several traditional and non traditional risk factors. Risk factors associated with PsA 
include smoking, obesity, insulin resistance and metabolic syndrome. High disease 
activity and greater degrees of inflammation (as detected by disease activity indices 
and high levels of CRP, ESR) as well as longer disease duration are also associated 
with increased CVD risk [84–87].

There is a strong familial component to psoriatic disease as well as a complex 
array of genetic, immunologic, and environmental factors. The dominant genetic 
effect is located on chromosome 6p21.3 within the major histocompatibility complex 
region, accounting for one-third of genetic contribution. Genome-wide association 
studies (GWAS) identified additional genes, including skin barrier function, innate 
immune response, and adaptive immune response genes [88]. To date, 36 genes have 
reached genome-wide significance, accounting for approximately 22% of psoriasis 
(Ps) heritability. Prominent genes identified via GWAS include HLA-Cw6, IL12B, 
IL23R, IL23A, TNIP1, TNFAIP3, LCE3B-LCE3C, TRAF3IP2, NFkBIA, FBXL19, 
TYK2, IFIH1, REL, and ERAP1. Genes identified in psoriatic arthritis (PsA) has 
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largely echoed those in Ps and include HLA-B/C, HLA-B, IL-12B, IL-23R, TNIP1, 
TRAF3IP2, FBXL19, and REL [88, 89]. The candidate genes identified in PsV/PsA 
have highlighted pathways of critical importance to psoriatic disease including dis-
tinct signaling pathways comprised of barrier integrity, innate immune response and 
adaptive immune response, mediated primarily by Th-17 and Th-1 signalling 
[88–90].

23.5  Sjögren’s Syndrome

Sjögren’s Syndrome (SS) is an epithelitis affecting the exocrine glands. The clinical 
spectrum of SS extends from autoimmune exocrinopathy to systemic involvement 
with vasculitis and extraglandular manifestations including CVD allbeit with a 
lower prevalence than the IMID mentioned above due primarily to the milder 
chronic inflammation present in SS. The CVD risk in SS patients is however rising 
primarily due to the population affected, namely postmenopausal women. Studies 
have demonstrated a high rate of subclinical atherosclerosis particularly in the 
carotid artery, suggesting endothelium dysfunction as a consequence of combined 
immunological and chronic inflammatory factors [91].

Risk factors for CVD in SS include the conventional CVD risk factors of diabe-
tes mellitus and dyslipidaemia and the non traditional risk factors including: long 
duration of disease, chonic inflammatory state with elevated CRP, glucocorticoid 
use, presence of autoantibodies (anti-Ro/SS-A; anti-La/SS-B), haematological 
alterations (hypogammaglobulinaemia, thrombocytopaenia and soluble vascular 
adhesion molecules [s-VCAM-1]) and systemic involvement (articular, renal, liver 
central nervous system) all of which are associated with increased risk of stroke and 
IHD [91–93].

23.6  Systemic Sclerosis (SSc)

Systemic sclerosis (SSc), a complex disorder with a strong genetic predisposition, 
is characterized by fibrosis and widespread vascular pathology. Raynaud’s phenom-
enon and digital ulceration are prominent manifestations of vascular involvement in 
SSc. Disease presentation is due to primarily microvascular but also macrovascular 
involvement. The vasculopathy typically affects capillaries and small arteries in the 
form of microvascular occlusive disease with vasospasm and intimal proliferation. 
Macrovascular involvement due to fibrosis, thickening, chronic intimal layer prolif-
eration as well as increased atherosclerosis [94].

Cardiovascular involvement in SSc includes: pulmonary hypertension, pericarditis, 
pericardial effusion, coronary vasospasm, coronary microvascular disease, arrhyth-
mias, conduction disturbances, hypertension and left ventricular dysfunction [95].

The traditional risk factors associated with CVD and SSc include diabetes mellitus, 
dyslipidaemia, hypertension, smoking and hyperhomocysteinaemia [94]. The nontra-
ditional CVD risk factors in SSc include chronic inflammation (increased levels of 
CRP) and autoantibodies (anti-oxidized low-density lipoprotein/β2 glycoprotein I 
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antibodies (anti-oxLDL/β2GPI) complex, anti-ox-LDL, anti-lipoprotein lipase anti-
bodies (anti-LPL), anti-endothelial cell antibodies (AECA), anti- centromere, anti-
HSP65/60, APLA, interferon regulatory factor 5 (IRF5), signal transducer and 
activator of transcription 4 (Stat4), protein tyrosine phosphatase, non-receptor type 22 
(PTPN22) and B cell scaffold protein with ankyrin repeats 1 (BANK1), connective 
tissue growth factor (CTGF), T-box transcription factor (TBX21), Corf13-BLK, inter-
leukin 10 receptor (IL-10R), interleukin 23 receptor (IL-23R), and tumour necrosis 
factor superfamily -TNFSF4 [96].

23.7  Sarcoidosis

Sarcoidosis is an idiopathic disease characterized by the presence of non-caseating 
granulomas in the involved organs. Sarcoid-mediated myocardial inflammation is 
associated with a regional impairment of coronary circulatory function [97].

Cardiac involvement is common and significantly alters the patient’s prognosis. 
Manifestations of cardiac sarcoidosis include fibrotic cardiomyopathy, congestive 
heart failure, conduction abnormalities, atrial and ventricular arrhythmias, and sud-
den death. Cardiac complications are the second leading cause of sarcoidosis-related 
death, after respiratory complication. Studies have shown that the association 
between immune-suppressive treatment-related alterations in myocardial inflamma-
tion and changes in coronary vasodilator capacity suggests direct adverse effect of 
inflammation on coronary circulatory function in cardiac sarcoidosis [98].

Cardiac involvement in sarcoidosis occurs in the form of granulomatous infiltra-
tion of the heart in 25% of the cases of which 95% are asymptomatic and diagnosed 
using cardiac magnetic resonance imaging, the conerstone for diagnosing cardiac 
sarcoidosis rather than endomyocardial biopsy which may miss patchy infiltrates; 
and clinically heterogenous effects including dilated cardiomyopathy, congestive 
heart failure with an incidence of 10–30%, pericarditis, pulmonary artery hyperten-
sion due to lung fibrosis, ventricular tachycardia 2–42%, supraventricular tachycar-
dia 0–15%, bundle branch block 12–61%, AV block 26–62% and sudden cardiac 
death 12–65% [97, 98].

23.8  Vasculitis

Premature atherosclerosis and increased cardiovascular morbidity and mortality has 
been documented in large, medium and small vessel systemic vasculitides [99]. 
Both humoral and cellular immune mechanisms are incriminated and are thought to 
contribute to accelerated atherosclerosis [100].

23.8.1  Giant Cell Arteritis

Giant cell arteritis (GCA) is a systemic IMID primarily affecting the elderly. It is 
characterized by inflammation of the adventitial layer of large and medium-sized 
arteries. Studies have demonstrated that initially there is a high concentration of 
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proinflammatory cytokines (CRP, IL-1, IL-6, TNFα, interferon-gamma), autoanti-
bodies particularly anti-neutrophil cytoplasmic antibody ANCA and T cells in the 
vessel wall. Later stages demonstrate growth factors promoting intimal growth and 
stenosis. Cardiac involvement involves mainly the aorta (15% of cases) and subcla-
vian artery [101, 102].

 Conclusions
A broad spectrum of cardiovascular phenotypes exists in IMID. Chronic immune- 
mediated inflammatory diseases have variable cardiac sequelae. A complex 
interaction between traditional and disease-specific traits exists. Additionally, 
interactions between environmental, immunological, epigenetic and genetic fac-
tors that result in downstream perturbations of complex and interactive biologi-
cal networks all play a role in the development of atherosclerosis and CVD in 
autoimmune diseases. Identification of novel epigenetic targets and a better iden-
tification and understanding of epigenetic mechanisms involved in CVD, may 
provide novel therapeutic approaches in chronic IMID.

Further studies are needed to elucidate the different pathogenic mechanisms 
contributing to the development of atherothrombosis in IMID.

Genomic and proteomic studies will aid to identify novel patterns of biomark-
ers, while together with the traditional risk factors, the novel nontaditional risk 
factors might help target better screening. As regards the treatment targeted at 
underlying IMID as well as cardiac issues there are no definite guidelines, how-
ever until further research and disease specific predictor tools are available, evi-
dence supports controlling disease activity aggressively, strict screening and 
management of modifiable traditional risk factors. Cardiovascular assessment 
should include various non-invasive imaging modalities including rest/stress 
ECG, echocardiography, nuclear technology, positron emission tomography and 
cardiac magnetic resonance (CMR) which detect ischaemia or inflammatory dis-
ease in IMID.
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Abstract
Stroke is defined as the acute onset of focal neurological disturbance arising due 
to a cerebrovascular cause, confirmed histopathologically or on imaging, where 
other causes have been excluded. Strokes may either be ischaemic (approxi-
mately 80% of cases) or haemorrhagic (20%). Although often thought of as a 
single disease, stroke represents the end stage of many different pathologies, 
each of which can result in cerebral ischaemia and/or haemorrhage. Therefore 
when investigating a stroke patient, investigations are performed to identify the 
underlying cause. Most cases of ischaemic stroke are caused by one of three 
pathologies: large vessel atherosclerotic disease (LVD), cerebral small vessel 
disease (SVD) or cardioembolism, although there are multiple rarer causes 
including cervical artery dissection. However, even with detailed investigation 
an underlying cause cannot be found in approximately a quarter of all ischaemic 
strokes. Haemorrhagic strokes are categorized according to the brain region they 
arise from; lobar or cortical haemorrhages are commonly caused by cerebral 
amyloid angiopathy, or an underlying structural lesion for example an arteriove-
nous malformation. Subcortical haemorrhages are usually associated with hyper-
tension and believed to be often a manifestation of SVD.

This chapter will briefly outline the genetic basis of strokes in general, and 
highlight key examples of familial forms of stroke.
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24.1  Introduction

Stroke is defined as the acute onset of focal neurological disturbance arising due to a 
cerebrovascular cause, confirmed histopathologically or on imaging, where other 
causes have been excluded [1]. Strokes may either be ischaemic (approximately 80% 
of cases) or haemorrhagic (20%) [2]. Although often thought of as a single disease, 
stroke represents the end stage of many different pathologies, each of which can result 
in cerebral ischaemia and/or haemorrhage. Therefore when investigating a stroke 
patient, investigations are performed to identify the underlying cause. Most cases of 
ischaemic stroke are caused by one of three pathologies: large vessel atherosclerotic 
disease (LVD), cerebral small vessel disease (SVD) or cardioembolism, although 
there are multiple rarer causes including cervical artery dissection [3]. However, even 
with detailed investigation an underlying cause cannot be found in approximately a 
quarter of all ischaemic strokes. Haemorrhagic strokes are categorized according to 
the brain region they arise from; lobar or cortical haemorrhages are commonly caused 
by cerebral amyloid angiopathy, or an underlying structural lesion for example an 
arteriovenous malformation. Subcortical haemorrhages are usually associated with 
hypertension and believed to be often a manifestation of SVD.

This chapter will briefly outline the genetic basis of strokes in general, and high-
light key examples of familial forms of stroke.

24.2  Genetics and Genomics of ‘Sporadic’ Stroke

The majority of strokes are apparently ‘sporadic’, but considerable evidence dem-
onstrates that genetic risk factors, likely interacting with environmental risk factors, 
are important even in these cases. Evidence from animals models [4], and also from 
studies in man of twins and affected sibling-pairs [5, 6], and epidemiological data 
of familial history of stroke [7] suggest that stroke is heritable. More recently this 
has been supported by complex trait analysis studies from genome-wide association 
study (GWAS) data [8]. Heritability is higher for younger onset cases [9].

GWAS in ischaemic stroke have identified a number of risk variants [9–13]. A 
sticking finding has been the subtype specificity of most loci reported to date, dem-
onstrating that different subtypes of ischaemic stroke have different genetic archi-
tecture. GWAS studies have also identified loci for intracerebral haemorrhage [14].

24.3  Genetics of Familial Stroke

Stroke less commonly presents as a key feature of monogenic syndromes. Most 
monogenic forms of stroke also cause a specific stroke subtype (see Table 24.1 for 
ischaemic stroke and Table 24.2 for intracerebral haemorrhage, ICH).

The most common monogenic form of stroke is Cerebral Autosomal Dominant 
Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL), 
which results from mutations in the NOTCH3 gene, and most frequently presents 
with migraine with aura and/or lacunar strokes, and can progress to dementia. 
Recently a number of other monogenic forms of small vessel disease have been 
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reported which result in one of more of lacunar stroke, migraine, cognitive impair-
ment, and cerebral microbleeds and ICH [15] (Table  24.3). These are not only 
important for the individual patient, but are also providing important insights into 
the pathophysiological mechanisms underlying not only monogenic SVD [16] but 
also sporadic SVD [17].

Table 24.1 Monogenic or single gene disorders causing ischaemic stroke, classified according to 
the stroke subtype they result in

Stroke subtype Monogenic disorders
Small vessel disease • CADASIL

• CARASIL/HTRA1-related autosomal dominant SVD
• Retinal Vasculopathy with Cerebral Leukodystrophy (RVCL)
•  COL4A1/A2 –related small vessel arteriopathy with 

haemorrhage and intracerebral aneurysms
Large artery 
atherosclerosis and other 
arteriopathies

• Familial hyperlipidaemias
• Moya-moya disease
• Pseudoxanthoma elasticum
• Neurofibromatosis type I

Large 
artery disease—dissection

• Ehlers Danlos Syndrome Type IV
• Marfan syndrome
• Fibromuscular dysplasia
• Arterial Tortuosity Syndrome

Disorders affecting both 
small and large arteries

• Fabry disease
• Homocystinuria
• Sickle cell disease

Cardioembolism • Familial cardiomyopathies
• Familial arrhythmias
• Hereditary Haemorrhagic Telangiectasia

Prothrombotic disorders • Factor V Leiden
•  Prothrombin (F2), Protein S (PROS1), Protein C (PROC), 

Antithrombin III (AT3) deficiencies
Mitochondrial disorders •  Mitochondrial myopathy, Encephalopathy, Lactic Acidosis and 

Stroke (MELAS)

The list is not inclusive but includes examples of the major stroke subtypes

Table 24.2 Familial forms of haemorrhagic strokes. Key clinical features are provided for more 
common syndromes

Stroke subtype Monogenic disorders
Small vessel disease • COL4A1/A2* (subcortical haemorrhages)

•  Hereditary cerebral amyloid angiopathy (lobar 
haemorrhages)

Large artery disease—rupture of 
cerebrovascular malformations

Cerebral aneurysms
• Familial intracranial aneurysm
• Autosomal dominant polycystic kidney disease
• COL4A1/A2
Arteriovenous malformation
• Hereditary haemorrhagic telangiectasia
• Capillary malformation—arteriovenous malformation
Venous malformations
• Familial cerebral cavernous malformation

*Syndromes marked with an asterix predominantly cause haemorrhagic strokes, but may also cause 
ischaemic strokes
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24.4  Diagnosing a Monogenic Cause of Stroke

Monogenic forms of stroke can either be part of a systemic disease, which presents 
with clinical features affecting multiple organs, or can present primarily with stroke. 
When stroke is part of a systemic disease, examples of which include Fabry disease 
and sickle cell disease, the diagnosis is often already known. In contrast, for dis-
eases which present with stroke as the main manifestation, diagnosis and identifica-
tion of an underlying single gene disorder can be challenging.

Most familial causes of stroke present in young or middle age and the diagnosis 
should be considered in a patient presenting with stroke at under 60 years, particu-
larly when they have a family history of stroke. However, the majority of young onset 
strokes will not have an underlying single gene disorder, while increasing numbers 
of cases of stroke presenting at an older age (for example in the seventh decade for 
CADASIL) are being reported. Results of specific investigations may also highlight 
a likely monogenic cause. For example, involvement of the anterior temporal pole on 
MRI in CADASIL has been shown to be a useful marker of the disease [38].

In all cases it is important that investigations are performed to accurately subtype 
the stroke. This includes brain imaging with CT or MRI to differentiate an ischemic 
stroke from a haemorrhagic stroke. Ischemic strokes then require further investiga-
tion with imaging of the extra- and intra- cerebral arteries (with CT or MR angiogra-
phy or ultrasound), investigation of the heart with ECG and echocardiography, and 
blood tests for lipids and other circulating disease markers. Small lacunar infarcts 
caused by SVD are frequently not visible on CT brain imaging, and in these cases 
MRI is important not only to confirm the infarct but also to look for other manifesta-
tions of SVD such as white matter hyperintensities and cerebral microbleeds.

If the initial images show an ICH, rather than an infarct, a different series of 
investigations are required. These can include repeat brain imaging when the blood 
has resolved to look for an underlying lesion (such as an arteriovenous malforma-
tion or a neoplasm), angiography to look for an underlying aneurysm or arterial 
malformation, and MRI with gradient echo sequences to look for cerebral micro-
bleeds. Cerebral microbleeds characteristically occur in the cortex and grey-white 
matter junction in amyloid angiopathy, and in the basal ganglia and subcortical 
structures in hypertensive haemorrhage due to SVD.

If a monogenic cause is suspected, and once the underlying stroke subtype has 
been determined, appropriate tests can be performed to diagnose monogenic con-
ditions causing that particular stroke subtype. In some cases, this may include a 
haematological or biochemical test as in sickle cell disease and Fabry disease 
respectively, while in other cases, and particularly for SVD, genotyping is required. 
Traditionally this has been performed on a gene-by-gene basis using Sanger 
sequencing or similar techniques. However, with the increasing availability of next 
generation sequencing techniques this is increasingly being performed using 
sequencing arrays which screen multiple genes at the same time. This is particu-
larly useful, for example, for SVD where multiple genes can cause a similar 
phenotype.
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In the remainder of the chapter we present a number of examples of monogenic 
forms of stroke. We particularly focus on SVD for a number of reasons. Firstly, this 
includes CADASIL, which is the most common monogenic form of stroke. Secondly 
because of the recent advances in this area and the identification of multiple non- 
CADASIL forms of familial SVD. Thirdly because monogenic forms of SVD rep-
resent the majority of cases of suspected familial stroke without other systemic 
disease, and fourthly because they illustrate a number of important features of 
monogenic stroke including gene-environment interactions and challenges in diag-
nosis. However, we have also covered sickle cell disease as a non-SVD example of 
monogenic stroke both because it represents a major problem in some parts of the 
world, and because identification of the disease and appropriate treatment can 
reduce the risk of stroke.

24.5  Sickle Cell Disease

Sickle cell disease (SCD) is an autosomal recessive haemoglobinopathy caused by 
a homozygous glutamic acid-valine substitution in the 6th position of the β-globin 
chain of haemoglobin. In the resulting haemoglobin (HbS), there are two normal α 
chains and two mutant β chains. As glutamic acid is a polar amino acid, while valine 
is non-polar and insoluble, the potential bonds formed by the globin chains are 
altered, resulting in impaired solubility of the resulting haemoglobin. HbS polymer-
izes to form fibres known as tactoids, which lead to the distortion of the red cell, 
which is rigid and dehydrated, and carries a sickle-shaped appearance. The sickled 
cells are also more adherent to vascular endothelium, thus promoting vessel occlu-
sion [39].

SCD is prevalent in individuals of Sub-Saharan Africans and African Caribbean 
ancestry, and is also present in the Mediterranean, Middle East and India. Its distri-
bution matches that of the endemic plasmodium falciparum malaria, which exerts a 
selection pressure, with the sickle gene in heterozygous form conferring protection 
from malaria [40].

SCD is clinically complex with a high degree of phenotypic heterogeneity, with 
patients experiencing a range of systemic effects from infancy. One of the key fea-
tures is vaso-occlusion, which accounts for many systemic complications. Distorted 
red cells occlude blood vessels and lead to infarction, presenting as painful crises in 
the bones or joints of hands and feet, acute chest syndrome, pulmonary hyperten-
sion, renal papillae damage and stroke [41].

24.5.1  Stroke in SCD

Strokes are a common cause of morbidity and mortality in SCD, affecting up to 
3.75% of patients [42]. In affected regions SCD is one of the most common cause 
of paediatric strokes between the ages of 2–9 years, although they can occur at any 
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age [43]. Strokes in SCD may be ischaemic or haemorrhagic, with ischaemic strokes 
having a bimodal distribution, peaking around the first and third decade [44], and 
haemorrhagic strokes being less common, arising at a later age, after the second 
decade of life [42].

24.5.2  Ischaemic Strokes in SCD

Many strokes in SCD to arise due to narrowing of the major cerebral vessels, pri-
marily the internal carotid artery (ICA) and proximal section of the middle cerebral 
artery (MCA), resulting in impaired perfusion of territories distal to the stenosis. 
Sickling of erythrocytes and anaemia results in hyperplasia of the intima of large 
vessels, a feature seen in 80% of SCD patients with stroke [45].

Beyond an arteriopathy, other mechanisms contribute to strokes in SCD. SCD 
patients are often in a hypercoagulable state at baseline, with raised levels of mark-
ers of coagulation and fibrinolysis, and reduced Protein C and S concentrations [46, 
47]. During pain crises, there is also activation of platelets, and sickled erythrocytes 
may express phosphatidylserine which promotes the activation of prothrombin [48]. 
Chronic haemolysis of sickled cells depletes circulating nitric oxide, which is essen-
tial for maintaining vasomotor tone and preventing platelet aggregation, contribut-
ing to ischaemia via vasoconstriction [49]. Chronic hypoxia may also create a state 
of chronic inflammation, with high circulating proinflammatory cytokines promot-
ing the interaction of sickled cells with the endothelium [50].

Less common causes of stroke are in SCD are underlying cardioembolism and 
cardiopathies, systolic dysfunction and atrial fibrillation. These are estimated to 
account for 24% of strokes in adult SCD patients [46]. Adults with SCD also have a 
high prevalence of posterior circulation aneurysms, and cerebral venous sinus 
thrombosis is a common event in adults with SCD—both of which may predispose 
the patient to strokes [51].

24.5.3  Haemorrhagic Strokes in SCD

Large intracerebral artery occlusion may also result in the formation of compensa-
tory collateral subcortical vessels, giving a ‘puff of smoke’ appearance described as 
Moya-moya syndrome [52]. These can rupture, leading to ICH and this is often 
occurs young adulthood rather than childhood [53]. Aneurysms and arteriovenous 
malformations are common in SCD, and may also predispose individuals to haem-
orrhagic strokes [54, 55].

24.5.4  Clinically Silent Strokes in SCD

Clinically silent infarcts, and white matter hyperintensities on MRI, are more com-
mon than clinically overt strokes in SCD, occurring in more than 22% of patients 
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[56]. These lesions are associated with cognitive impairment, and are also a recog-
nised risk factor for overt strokes [57].

24.5.5  Risk Factors for Stroke in SCD

A number of clinical biomarkers can serve to predict an individual’s risk of develop-
ing silent, ischaemic or haemorrhagic strokes in SCD. (Table 24.3 and 24.4) One 
important tool is the use of transcranial Doppler ultrasonography (TCD) in predict-
ing the risk of stroke in paediatric SCD patients—currently the most accurate prog-
nostic tool available. Raised ICA or MCA flow velocities on TCD serve as a marker 
of focal stenosis, and can identify those at highest risk of first stroke [58] .

24.5.6  Genetic Risk Factors for Stroke in SCD

As with other clinical phenomena in SCD, the occurrence and severity of stroke 
between patients can vary widely, and this is likely due to a combination of genetic 
and environmental risk factors interacting with the sickle cell genotype. Early stud-
ies have demonstrated a familial predisposition to cerebral vasculopathy in families 
with more than one child with SCD, showing that siblings of children with stroke or 
increased TCD blood flow velocities have an increased risk of stroke [59, 60].

The α-thalassaemia polymorphism, and concentration of foetal haemoglobin 
(HbF) are well-established modulators of stroke in SCD [61]. HbF decreases the 
stroke risk by inhibiting HbS polymerization, and genes such as BCL11A, HBS1L- 
MYB, β-globin genes and quantitative trait loci which affect HbF levels may con-
tribute to this effect [62].

A number of studies have suggested other genes may influence the phenotype. A 
study of 80 candidate genes involved in vasoregulation, coagulation and other 
disease- associated processes utilised a Bayesian network approach to identify asso-
ciations between genes and stroke in 1398 patients with SCD (92 with stroke) [63]. 
This study identified 31 SNPs in 12 genes as being associated with ischaemic stroke, 
with interaction between these genes and HbF as a possible mediating mechanism. 
Several of these genes were involved in the transforming growth factor-beta (TGFβ) 
pathway, a finding which was partially replicated in a subsequent candidate SNP 
study [61].

The use of MRI to phenotype stroke subtypes in SCD has also contributed to the 
discovery of genetic risk factors. In a study of 230 MRI-phenotyped SCA children, 
104 SNPs were studied in 65 candidate vascular genes, and demonstrated that SNPs 
in IL4R, TNFα, and ADRB2 genes were associated with increased risk of large ves-
sel strokes, while VCAM1 and LDLR genes were associated with increased 
(VCAM1) or decreased (LDLR) small vessel stroke risk [64]. Another variant in 
VCAM1 was previously also identified as protective against high TCD flow veloc-
ity and thus stroke risk in SCD [65].
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Other studies have suggested a potential role for the immune system in the devel-
opment of stroke in patients with SCD with HLA DPB1 being associated with stroke 
risk [66].

Genome-wide approaches have been limited in the study of stroke in SCD, and 
to date have not validated findings in candidate gene or SNP studies [67]. The reader 
is also directed to a recent comprehensive review of the genetics of SCA-associated 
cardiovascular disease [68].

24.5.7  Management of Strokes in SCD

Although studies in the acute management of stroke in SCD are limited, there is no 
clear evidence against the use of thrombolysis in adults with SCD [46]. Supplemental 
oxygen in the acute setting can also help to maintain blood oxygen saturation at 
≥95%, preventing further sickling and blood hyperviscosity [69]. Beyond standard 
stroke care, exchange blood transfusions are recognised as the standard of care for 
the primary and secondary prevention of strokes (excluding silent infarcts) [70].

Children with SCD who are at risk of stroke, as identified by high cerebral blood 
flow velocity on TCD, may have their absolute risk of first stroke being reduced by 
9%, and relative risk lowered by 92%, by lowering the proportion of HbS to <30% 
with exchange transfusion [71]. Cessation of transfusion therapy may result in 
patients reverting to previous risk status [72]. In SCD children with a previous 
stroke, the risk of recurrent stroke is as high as 90%, and can be lowered to below 
10% by regular exchange blood transfusion [70].

Reducing the proportion of HbS to can improve oxygen saturation through 
normal red blood cells, reducing further vaso-occlusion, improving tissue perfu-
sion and preventing further ischaemic damage caused by the stroke [46]. A long-
term exchange transfusion programme to reduce the proportion of HbS to <20% 
is thus recommended for children with either prior silent cerebral infarcts or 
raised TCD velocities [70]. Top-up blood transfusions are not recommended for 
the acute treatment of stroke as an increased blood viscosity may worsen stroke or 
painful crises [70].

24.6  Monogenic Forms of Small Vessel Disease

24.6.1  CADASIL

Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and 
Leukoencephalopathy (CADASIL) is the most common monogenic cause of 
SVD. CADASIL is caused by cysteine-changing mutations in exons 2–24 of the 
NOTCH3 gene, which encode the extracellular portion of the Notch 3 protein, a 
transmembrane receptor [18]. CADASIL is estimated to affect 2–4 per 100,000 
population in the UK [73, 74]. Disease-causing NOTCH3 mutations were found in 
0.5% of 1000 apparently sporadic young-onset (≤70  years) MRI-defined SVD 
stroke patients, with this figure rising to 1.5% when considering only patients with 
confluent white matter hyperintensities on MRI [75].

R.Y.Y. Tan and H.S. Markus



707

The clinical features of CADASIL are exclusively neurological. Migraine, usu-
ally with aura, is most commonly the earliest feature of disease, with onset usually 
in the 1920s or 1930s. Subcortical ischaemic lacunar strokes may occur, with an 
average age of onset of 47 years, and progressive subcortical cognitive impairment 
can occur in middle age leading to vascular dementia [76]. Depression is common 
and may precede other symptoms. Less common presentations of CADASIL 
include an acute reversible encephalopathy or ‘coma’ episode, which is often mis-
diagnosed as an acute encephalitis [77].

24.6.1.1  Phenotypic Variation and the Importance of Gene-Gene 
and Gene-Environment Interactions

Disease severity can vary widely between individuals, both between and within fam-
ilies. Almost all of CADASIL mutations result in the loss or gain of a cysteine amino 
acid in one of the epidermal growth factor (EGF) repeats in the extra-cellular portion 
of the Notch 3 protein [78]. Studies have shown no relationship between phenotype 
and mutation sites [79]. Why the phenotype varies so much between individuals is 
not well understood but it is thought that both gene-gene and gene- environment 
interactions are important. Family studies have shown a significant heritability for 
MRI determined white matter legion volume suggesting additional genes are impor-
tant in determining phenotypic severity [80]. Conventional cardiovascular risk fac-
tors also seem to influence phenotypes. For example, CADASIL carriers who smoke 
on average develop stroke 10  years earlier [79]. Hypertension also seems to be 
important with the rate of progression of brain atrophy on MRI related to the level of 
blood pressure [81], and hypertension related to risk of stroke [77].

24.6.1.2  Diagnosis of CADASIL
CADASIL should be considered in all younger onset cases of lacunar stroke where 
there are white matter changes such as white matter hyperintensities on the MRI scan. 
There may be additional clues in the history including migraine with an aura which can 
be prolonged and confusional. There is usually a family history of clinical features of 
CADASIL but this is not always immediately clear. Vascular dementia in a relative can 
frequently be diagnosed as Alzheimer’s disease, while particularly in the past CADASIL 
has been misdiagnosed as multiple sclerosis, so one should always be aware of this 
diagnosis in the family history. Furthermore, because CADASIL can present in middle 
age there may be no family history if the parents died relatively young.

As with diagnosis of many forms of SVD, careful assessment of the MRI is cru-
cial. In the case of CADASIL this can reveal features which are almost diagnostic. 
For example, involvement of the anterior temporal pole has shown to be 90% sensi-
tive and 90% specific [38]. Other features on MRI include confluent involvement of 
the external capsule, and involvement of the corpus callosum (a structure which is 
not usually involved in the sporadic small vessel disease although it is frequently 
involved in multiple sclerosis) [82].

The next step is genetic testing to confirm the diagnosis. Mutations tend to clus-
ter in certain exons particularly exon 4 [78] and this initially led to limited screening 
to reduce cost and exclude the majority of cases. However, this approach will miss 
a significant number of cases and many labs now screen all of exons 2–24 in which 
mutations can occur. Although CADASIL only produces clinical features in the 
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brain, arteries throughout the body are affected by the pathological process. This 
has led to the use of skin biopsy to detect the characteristic granular osmiophilic 
material (GOM) which can be seen on Electron Microscopy. However, with the 
wider availability of genetic testing this is less frequently performed.

Appropriate genetic counselling should be given before genetic testing and we 
use the Huntingdon’s disease protocol. It’s important to remember that in an indi-
vidual with a family history with CADASIL an MRI is essentially a genetic test. If it 
shows characteristic changes it indicates the individual is a carrier of the mutation.

24.6.1.3  Management of CADASIL
While there is no specific treatment available for CADASIL, aggressive control of 
conventional cardiovascular risk factors is essential. A study of 200 patients with 
CADASIL showed that those with poorly controlled hypertension, or those who had 
a history of smoking, had an increased risk of stroke [77]. We advise our patients not 
to smoke, to maintain optimal weight and to exercise regularly. We would recom-
mend avoiding the combined oral contraceptive pill, certainly from age 30 upwards. 
If cholesterol is elevated we often treat with statin therapy although there is no evi-
dence supporting this approach in CADASIL itself, as opposed to more generally in 
sporadic stroke prevention. We give aspirin or clopidogrel to patients who have 
suffered ischaemic stroke, and to carriers over the age of 40, but avoid dual anti-
platelet therapy and anticoagulants due to a generally increased risk of ICH with 
these treatments in SVD [83].

Migraines in CADASIL tend to be more complicated than those seen in the gen-
eral population. Patients with CADASIL are more likely to have atypical migraine 
auras such as dysphasia and confusion, and can have more prolonged auras [76, 77]. 
There have been few studies on the management of migraine specifically in 
CADASIL although drugs used for management of migraine in the general popula-
tion appear to be similarly effective in CADASIL [84–87]. Although triptans carry 
a theoretical risk of exacerbating ischaemia in patients with vasculopathy [88], ret-
rospective data from a group of 300 patients with CADASIL suggests that triptans 
are safe to use and helpful in treating migraines in CADASIL [76].

Depression is frequent in CADASIL, as it is in other forms of SVD. Contributing 
factors include the stress of a monogenic disease diagnosis, as well as of complications 
such as stroke. However, there is also a biological reason with white matter lesions 
thought to disrupt cortical-subcortical pathways involved in mood regulation. It is 
important to be aware of the diagnosis and treat it with cognitive therapy/counselling 
and anti-depressants as this can be associated with a markedly improved quality of life.

24.6.1.4  Clinical Case 1
A 54-year-old right-handed female presented with sudden onset of double vision 
and vomiting, and abnormal eye movements.

She had a history of migraine with aura from the age of 15, experiencing visual 
changes and numbness in her arm. She did not have any past medical history of 
depression, seizures, or encephalopathy. She was not hypertensive, and had only 
smoked briefly as a teenager.

She had an MRI scan which showed an acute infarct in the midbrain with 
high signal on diffusion-weighted imaging (Fig. 24.1, 1-4), as well as extensive 
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NOTCH3 p.R90C mutation

Fig. 24.1 (inset 1-1). Pedigree of clinical case 1. Although II.1, II.2 and III.1 had neurological 
symptoms, there was no clear history of stroke or dementia in the family. (1-2) MR T2-weighted 
imaging showing white matter intensities involving the anterior temporal poles (arrowed) and (1-3) 
external capsules. (1-4) Midbrain lesion shown on MR diffusion-weighted imaging, and (1-5) 
apparent diffusion coefficient imaging (arrowheads). (Copyright Hugh Markus)
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white matter changes with prominent involvement of the anterior temporal 
poles. (Fig. 24.1, 1-2, 1-3).

Her mother was alive at age 83, with a history of migraines and bipolar disease. 
Her father died at age 72, having had possible complex partial seizures. Her identi-
cal twin sister had a history of migraine with aura. Despite the absence of a clear 
family history of stroke or dementia, the classical involvement of the anterior tem-
poral poles and possible family history led to suspicion of CADASIL (Fig. 24.1). 
Genetic testing confirmed a p.Arg90Cys mutation on exon 3 of the NOTCH3 gene.

24.6.1.5  Clinical Case 2
A 58-year-old female teacher presented with a confusional episode typical of 
CADASIL encephalopathy. While teaching she experienced the beginning of what 
she thought was a migraine with visual disturbance. She was aware of a colleague 
saying something but could not remember what happened next. She was found to be 
conscious but poorly responsive to commands.

She was taken to hospital where she suffered four generalised seizures and was 
treated for encephalitis with acyclovir and antibiotics, as well as anti-epileptics. She 
continued to experience fluctuating confusion associated with visual hallucinations 
for the next eight days before regaining full consciousness. She had a past medical 
history of migraine with visual and sensory aura from the age of 28.

Although there were no known strokes in the family, she had a family history of 
dementia, with her father being diagnosed of ‘Alzheimer’s disease’ at age 55 and 
dying at age 63. Her father’s identical twin had no strokes or dementia but had not 
had an MRI scan prior to death also at age 55, and his sister had a diagnosis of 
‘probable dementia’ (Fig. 24.2).

MR imaging of her brain showed confluent T2 hyperintensities in the white mat-
ter involving the anterior temporal poles and external capsules. (Fig. 24.2, 2-2, 2-3) 
A lumbar puncture performed at the time of her first admission was normal and 
negative for oligoclonal bands. Genetic screening for NOTCH3 mutations revealed 
a p.Arg151Cys mutation in Exon 4.

This patient’s prolonged confusion episode is classical of a CADASIL ‘coma’ or 
encephalopathic episode. This is a feature of CADASIL that often follows a typical 
migraine aura, and can last up to 14 days before resolving completely [89].

24.7  Recently Described Monogenic Forms of SVD Stroke

24.7.1  CARASIL and HTRA1-Related Autosomal Dominant SVD

Cerebral Autosomal Recessive Arteriopathy with Subcortical Infarcts and 
Leukoencephalopathy (CARASIL) is caused by homozygous mutations in the 
HTRA1 gene [19]. CARASIL was initially described in a few families in consan-
guineous Japanese and Chinese populations [19, 90], and subsequently in a consan-
guineous European family, and a patient with compound heterozygous HTRA1 
mutations [91].
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Patients with CARASIL have been described as having a more rapid progression of 
the neurological features seen in CADASIL. A distinguishing feature of CARASIL is 
the presence of non-neurological features such as young-onset alopecia and degenera-
tive spinal disc disease. On imaging, these patients may have characteristic arc-shaped 
hyperintensities extending from the pons to the middle cerebellar peduncles [92]. 
CARASIL patients have not been found to have the classical imaging feature of ante-
rior temporal pole involvement seen in CADASIL [93].
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Fig. 24.2 (inset 2-1). Pedigree of clinical case 2 showing a family history of dementia (II.3) or 
suspected dementia (II.1) (2-2) MR T2-weighted imaging showing white matter intensities involv-
ing the anterior temporal poles and (2-3) external capsules (arrowed). (Copyright Hugh Markus)
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More recently, whole exome sequencing in 201 Caucasian patients with suspected 
familial SVD and no NOTCH3 mutations identified heterozygous missense HTRA1 
mutations in 10 cases, and segregation of the mutation with disease was also demon-
strated in one pedigree. These patients had a later age at onset of disease, and did not 
report any extra-neurological features seen in CARASIL [20]. A similar study in 113 
suspected familial SVD patients with no known genetic cause in Japan also identified 
four heterozygous missense HTRA1 mutations in six cases [21]. An example of a 
patient of HTRA1-associated autosomal dominant SVD is described in clinical case 3.

The HTRA1 gene encodes for high temperature requirement serine protease A1 
(HtrA1), a homotrimeric serine protease which switches off the TGFβ pathway. 
This role of this pathway in blood vessel formation and vasoreactivity, as well as 
vessel and organ fibrosis in disease has been well described [94]. The impact of 
disease-causing HTRA1 mutations are, however, poorly understood. While most 
mutations impair protease activity [20], others do not cause a loss-of-function but 
have been predicted to impact trimer formation and activation [21].

24.7.2  Clinical Case 3

A 45-year-old female presented with a one-year history of migrainous aura without 
headache. These were stereotyped episodes of left-sided sensory symptoms, charac-
terised by a sensation of flowing water down the left side of her body. She felt that 
her left hand was clumsy, although she was still able to mobilise with some clumsi-
ness. She denied any speech disturbance or associated headache. These symptoms 
would last a week, after which she recovered completely.

She had a past history of depression.
She underwent neuropsychological assessment and was found to have impaired 

attention, information processing skills and some executive function difficulties—
features commonly seen in small vessel disease-related cognitive impairment. An 
MRI of her brain showed widespread hyperintensities in the periventricular white 
matter and central pons. (Fig. 24.3, 3-2, 3-3).

She had a strong family history of strokes. Her father suffered recurrent strokes 
from 58, and was also found to have cognitive impairment. Her paternal aunt and 
uncle both died of strokes in their early 1960s. (Fig. 24.3, 3-1) A screen of exons 2, 
3, 4, 5, 6, 8, 11, 18, 19 and 22 of the NOTCH3 gene was performed and no cysteine- 
changing mutations were found. Whole genome sequencing was performed, and a 
screen of the HTRA1 gene showed a heterozygous c.854C>T (p.P285L) mutation. 
This mutation had previously been identified in patients with both autosomal domi-
nant [21] and autosomal recessive (CARASIL) [95] forms of familial SVD. Decreased 
protease activity was also demonstrated in cellular assays of this mutation [21].
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Fig. 24.3 (inset 3-1) Pedigree of clinical case 3, showing a clear family history of early-onset 
strokes in II.1, II.2 and II.3. Insets 3-2 and 3-3 MR T2-weighted imaging showing confluent white 
matter hyperintensities not dissimilar to those seen in sporadic cerebral small vessel disease, or 
CADASIL. (Copyright Hugh Markus)
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24.8  Haemorrhagic Strokes

24.8.1  COL4A1/A2-Related SVD: Subcortical Haemorrhages, 
Infarcts and Aneurysms

Mutations in the COL4A1/2 genes have been recently recognised a cause of lacunar 
stroke as well as subcortical ICH; i.e. they can cause both ischaemic and haemor-
rhagic stroke even within the same family. The COL4A1/A2 genes encode Type IV 
collagen α1 or α2 chains, which are the most abundant type of collagen in humans. 
COL4A1/A2-related SVD encompasses a broad spectrum of symptoms ranging 
from porencephaly in infants to adult-onset subcortical ischaemic and haemorrhagic 
strokes. These were previously described as specific paediatric syndromes, but have 
now been recognised as being attributable to mutations in the same genes [96, 97].

Patients with COL4A1/A2-related SVD can develop subcortical ICH, ischaemic 
lacunar infarcts, seizures, cognitive impairment and dementia. They may also have 
systemic involvement in the form of renal agenesis, nephropathy, visual loss and 
muscle cramps [98].

Type IV collagen is an integral component of basement membranes. As the most 
abundant form of collagen in the extracellular matrix, it lends tensile strength, helps 
to maintain vascular tone and also contributes to endothelial cell function.

The majority of pathogenic mutations in COL4A1 or COL4A2 are missense 
mutations which substitute a highly conserved glycine residue in the Gly-X-Y 
repeat region which aid the formation of tropocollagen. The resulting altered three 
dimensional confirmation of collagen impairs its ability to form heterotrimers in the 
vascular basement membrane, contributing to vessel wall fragility [99]. There may 
be some element of genotype-phenotype correlation, as mutations in the CB3[IV] 
fragment of COL4A1 have been found to be associated with Hereditary Angiopathy 
with Nephropathy, Aneurysms and muscle Cramps (HANAC) syndrome [100].

Recently common variants in the COL4A2 have been found to be risk factors for 
sporadic SVD [101].

24.8.2  Clinical Case 4

A 14-year-old boy presented with a subcortical ICH He was tested for and diag-
nosed with a p.Gly755Arg mutation in exon 30 of the COL4A1 gene. Following this 
diagnosis, other family members were tested and his 46-year-old mother was found 
to have same mutation.

Despite the proband’s early onset of disease, his mother was relatively asymp-
tomatic and had not had any strokes. She had a history of migraines with aura (visual 
and/or sensory) from the age of 39. She had no history of depression.

On MR imaging of the brain, she was found to have marked white matter hyper-
intensities and lacunar infarcts, (Fig. 24.4, 4-2, 4-3) and an aneurysm of the left 
internal carotid artery in the region of the carotid ophthalmic artery. There was also 
evidence of microbleeds on gradient echo MRI. (Fig. 24.4, 4-4, 4-5).
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Fig. 24.4 (inset 4-1). Pedigree of Clinical Case 4 illustrating a wide variability of phenotypes 
among mutation carriers. While the proband had a paediatric onset of strokes, II.2 had MRI fea-
tures of SVD in the fourth decade of life, but no strokes, and II.3 was born without a kidney—a 
feature previously reported in COL4A1-associated SVD cases. (4-2, 4-3) T2-weighted FLAIR MR 
images of II.2 showing confluent white matter hyperintensities and silent lacunar infarcts. Insets 
4-4 and 4-5: Gradient-echo MR images of II.2 showing haemosiderin deposits and microbleeds. 
(Copyright Hugh Markus)
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Her mother died at the age of 73, having had ‘facial palsy’ at the age of 47, and 
an episode of self-resolving hemiparesis in her teenage years. Brain imaging showed 
that she had had a number of strokes and a diagnosis of multiple sclerosis was con-
sidered at one point. Her father was 74 and had only a history of cataracts. She had 
a brother who was born with only one kidney. (Fig. 24.4, 4-1).

24.9  Hereditary Cerebral Amyloid Angiopathy: Lobar or 
Cortical Haemorrhages

Cerebral amyloid angiopathy (CAA) refers to a small artery vasculopathy which 
involves the deposition of amyloid fibrils in the small and medium blood vessel 
walls, and also in the capillaries of the brain parenchyma and leptomeninges [32]. 
These depositions are altered proteins which have adopted a β-pleated sheet confor-
mation. CAA is most classically characterised by large lobar haemorrhages, but can 
also cause transient behavioural changes, seizures and cognitive impairment. CAA 
is definitively diagnosed by brain biopsy or post-mortem histopathological analysis, 
but the likelihood of CAA can also be determined based on the clinical syndrome 
and imaging, as described by the modified Boston criteria [102].

CAA most often occurs sporadically in the elderly population, with the deposi-
tion of amyloid beta (Aβ) protein in the walls of blood vessels, in association with 
parenchymal Aβ plaques in Alzheimer’s disease [103]. In addition to lobar haemor-
rhages, CAA patients often have a distinctive distribution of classical SVD features, 
such as white matter hyperintensities with a predominant posterior distribution, and 
cerebral microbleeds in the lobar regions as visualised on gradient-echo MR imag-
ing [104]. They may also have cortical superficial siderosis, which is a marker used 
for radiologically diagnosing CAA according to the modified Boston criteria [102].

CAA may also occur as a familial disease. Several large families worldwide have 
been identified as having a hereditary form of CAA, and affected individuals tend to 
have an earlier onset of symptoms than in sporadic CAA. The gene most commonly 
affected is the amyloid precursor protein (APP), which encodes the amyloid beta 
protein, and thus CAA arising due to APP mutations may also co-occur with famil-
ial Alzheimer’s disease.

24.10  Summary and Conclusions

Stroke represents a collection of different aetiologies which lead to a similar clinical 
syndrome. Most strokes are multifactorial, most commonly occurring in the elderly, 
although considerable evidence has shown these have a genetic predisposition and 
GWAS studies are unravelling the specific genetic risk factors.

Stroke less commonly presents as a monogenic disease, where a single gene muta-
tion results in a syndrome which includes early-onset stroke as a key clinical feature. 
The most common of these is CADASIL, a familial form of SVD which shares many 
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features with sporadic SVD.  In recent years, other causative genes have also been 
identified, such as COL4A1/A2 and HTRA1 which may have a higher prevalence 
than previously thought.
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Abstract
Since 2007 there has been substantial progress in mapping blood pressure genes, 
and large-scale genome-wide association studies now indicate over 400 genomic 
regions. The identity and biological function of genes causing monogenic forms 
of hypertension have also increased over this time. In this chapter, we describe 
the main findings from genome-wide association studies across different ances-
tries utilising different study designs, and discuss new candidate genes and bio-
logical pathways. The clinical utility of blood pressure-associated genetic 
variants are discussed in a genetic risk score framework, and the early results 
from epigenetic analyses of hypertension are reviewed.
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25.1  Introduction

Hypertension is highly prevalent in the adult population. It is estimated to affect 
29% of all adults globally in 2025, and over 50% over the age of 60 years in several 
regions across the world [1]. It is a major public health concern as it is associated 
with an increased risk of cardiovascular disease, stroke, renal disease and peripheral 
artery disease [2–4]. The World Health Organisation estimates that one third of total 
deaths from cardiovascular disease is related to hypertension, and that 
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complications arising from hypertension accounts for 9.4 million total deaths per 
year across the globe as well as 45% of mortality due to heart disease, and 51% of 
mortality due to stroke, with these figures expected to rise [5].

Essential hypertension, also referred to as primary hypertension, is defined as 
high blood pressure (BP) for which there is no clearly defined aetiology. Most 
guidelines define hypertension clinically as a systolic BP >140 mmHg, and/or a 
diastolic BP >90 mmHg [3]. The risk of stroke and ischaemic heart disease mortal-
ity doubles for every 20/10 mmHg increase in BP, and therefore from a clinician’s 
perspective, hypertension is best defined as the level of BP, at which treatment to 
lower BP will result in significant clinical benefit [2]. The latest statistics published 
by Public Health England, estimate that diseases related to elevated BP cost the 
NHS over £2.1 billion per year. The estimated prevalence of hypertension in adults 
over the age of 16 in the UK is 31% in men, and 26% in women, a total of around 
12.5 million people in 2015 [4].

Systemic hypertension—high BP in the systemic arteries has been associated 
with several identifiable risk factors, including age, sex, demographic, environmen-
tal, genetic and vascular factors. The most important modifiable risk factors include 
excess intake of dietary sodium, poor intake of dietary potassium, overweight/obe-
sity (body mass index >25), sedentary lifestyle/lack of physical exercise, increased 
alcohol intake (> 14 units per week) and physiological stress [3–5].

25.2  Heritability of Hypertension

The first evidence for the genetic basis of hypertension was found in family and 
twin BP studies. These studies estimated the heritability of BP to be between 
48–60% for systolic BP, and 34–67% for diastolic BP, with an overall approximate 
heritability between 40–50% for both systolic and diastolic BP [6–8]. Heritability 
studies however, do not permit identification of which genetic differences are most 
significant, or the mechanism by which they exert their effect on BP.

In the general population, BP readings follow a normal distribution, therefore 
patients with essential hypertension, will be those that have inherited a collection of 
genes, and have been exposed to environmental factors favouring hypertension, 
placing them in the higher end of the normal population distribution of BP [9].

Modern genetic studies are important as they hold the key to examining the bio-
chemical and molecular processes that control BP, which in turn, allow discovery of 
the interactive physiological regulators that malfunction in patients with hyperten-
sion. Findings from genetic studies may allow the development of a new classifica-
tion of disease based on molecular mechanisms, rather than on the phenotype of the 
patient [10]. A better understanding of the pathogenesis of the disease will facilitate 
rational drug development, and allow for targeted pharmacological treatment with a 
focus on disease subtypes that are more likely to respond to treatment. Genetic 
screening may also give rise to avoidance of adverse drug effects, using genetic risk 
factor analysis to facilitate modification, screening,  and therapeutic management of 
people before development of symptoms [10].
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25.3  Gene Discovery for Mendelian Forms of Human 
Hypertension

There are several rare Mendelian forms of hypertension with distinctive co-phe-
notypes, such as, hypertension and hypokalaemia as observed in Liddle’s syn-
drome and Glucocorticoid Suppressible Hyperaldosteronism. The elucidation of 
the genetic basis of these Mendelian forms of hypertension has offered some 
insights into hypertension genomics, and indicate that the mechanisms for some 
of these rare disorders influence sodium homeostasis. In Table 25.1 we summarise 
the main clinical features of hypertension syndromes indicating the causal genes 
for each, the aetiologic mutations in each of these genes typically exhibit large 
effects on BP [11].

Next generation sequencing (NGS) has facilitated the identification of causative 
genes for these syndromes, and in 2015, mutations were identified in phosphodies-
terase 3A (PDE3A) in a Turkish kindred with early onset hypertension with brachy-
dactyly type E (HTNB) [12]. Frederick Luft and colleagues had spent over 10 years 
tracking down the disease gene for this condition. The Turkish study involved whole 
genome sequencing of family members, to identify a heterozygous missense muta-
tion in PDE3A, which encodes a cyclic GMP (cGMP) and AMP (cAMP) phospho-
diesterase with a prominent role in the heart, vascular smooth muscle cells (VSMC), 
oocytes and platelets. Re-sequencing of 48 affected individuals in 6 unrelated fami-
lies identified 6 independently clustered heterozygous mutations in exon 4 of 
PDE3A, which exhibit a gain-of-function effect on cAMP hydrolysis, and cause 
enhanced cell proliferation. Evidence was found for mechanisms mediating VSMC 
hyperplasia and increased peripheral vascular resistance. The authors suggested that 
VSMC-expressed PDE3A as a possible therapeutic target for the treatment of 
hypertension.

Alongside the discovery of genes causing Mendelian forms of hypertension—
analyses have been undertaken to assess association of variants in the monogenic 
genes with BP phenotypes in the general population. The existence of rare genetic 
variants may provide an explanation to the significant degree of inter-individual 
blood pressure variance. The rare independent variant hypothesis was initially tested 
by Ji and colleagues, in 2008 [13]. This study involved sequencing of candidate 
genes that encode the Na-K-2Cl cotransporter (SLC12A1), the inward rectifier K+ 
channel (KCNJ1), and the Na-CL cotransporter (SLC12A3) in 3125 individuals reg-
istered in the Framingham Heart Study. Homozygous mutations in these genes 
causes Bartter’s (SLC12A1, KCNJ1) or Gitelman’s (SLC12A3) disease, salt-wasting 
hypotensive disorders. It was hypothesized that rare, heterozygous mutations in 
these candidate genes may predispose individuals to salt wasting in the kidneys, 
leading to a subsequent lowering of BP. It was discovered that patients with rare, 
independent variants within the three candidate genes had clinically significant 
lower BP, and were less likely to develop hypertension. The average systolic BP of 
rare mutation carriers was 5.7 mmHg lower at age 40, and 9 mmHg lower at age 60. 
The mutations were rare, as only 1% of the study population possessed a relevant 
mutation. Consequently, mutations within such genes is unlikely to provide a 
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definitive reason for BP variance in large populations, and it is likely that there is a 
role for rare mutation in other BP related genes.

More recently international BP consortia using much larger sample sizes have 
investigated this hypothesis using data from genotyping arrays with low frequency 
and rare variants [14]. No significant enrichment of BP variants has been observed 
in monogenic BP genes [14]. However, large genome-wide association studies 
(GWAS) have discovered both common and rare genetic variants (minor allele fre-
quency, MAF <1%) in three genes causing monogenic hypertension (CYP17A1, 
DBH, and PDE3A) [14–17]. These analyses indicate genetic variation in monogenic 
genes does occur, however variants in these genes do not explain the cause of the 
disease in the majority of patients with clinical hypertension.

25.4  Genome Wide Association Studies

Contemporary genomic tools permit the genotyping of millions of single nucleotide 
polymorphisms (SNPs) on a single microarray in a reliable, efficient, and most sig-
nificantly, cost-effective manner. The GWAS approach uses dense maps of SNPs 
located throughout the human genome to investigate associations without bias 
between genetic variants and the phenotype, with no preconception of the identity 
of the genes involved. This approach can be considered one of the first direct appli-
cations of the Human Genome Project and the HapMap project, and allows new 
information to be discovered concerning previously unidentified loci. International 
collaborative projects between researchers have facilitated the use of extremely 
large sample sizes for BP gene discovery and replication. GWAS have identified 
many genetic factors contributing to the control of BP, and have reported a multi-
tude of loci associated with BP or hypertension, owing to the reproducibility of 
GWAS and replication of results across different ethnic backgrounds. Some of these 
findings from these studies may become potential targets for drug therapy, for both 
prevention and management of hypertension [18].

A model for the genetics of complex traits has been the ‘common disease-com-
mon variant hypothesis’, which suggests that common disease is due to allelic vari-
ants with a MAF greater than 5% in the population, and a small individual effect 
size [19]. GWAS addresses this precise spectrum of genetic variation, which is use-
ful when the disease under investigation is caused by a few common variants that 
associate specifically with the disease [19]. However, in the case of several different 
loci contributing small amounts to the disease phenotype being studied, GWAS is 
less successful and the genetic signal is lost within the background noise of the 
multiple genetic loci [20].

In 2007, two major GWAS investigating for hypertension were published, by Levy 
et al., and the Welcome Trust Case Control Consortium (WTCCC) respectively pub-
lished two major hypertension GWAS [21, 22]. The work of Levy et al., was con-
ducted on individuals participating in the Framingham Heart Study, and was a study 
of BP at two different time points and long term average BP using more than 100,000 
polymorphic genetic markers [21]. The WTCCC study included hypertensive subjects 
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from the British Genetics of Hypertension (BRIGHT) study, and used over 500,00 
polymorphic genetic markers, to compare their genotype with control subjects from 
the general population [22]. Neither study managed to identify robust signals associ-
ated with hypertension on a genome wide level as the power to detect the small con-
tribution of multiple genetic loci on BP was too small. Following on from these 
studies, the approach was to increase the sample size for subsequent GWAS.

25.5  Large-Scale Meta-Analysis of GWAS

The first robust signals from GWAS investigating hypertension originated from two 
large consortia, the Global Blood Pressure Genetics (Global BPgen) consortium 
and the Cohorts for Heart and Aging Research in Genomic Epidemiology 
(CHARGE) consortium which tested approximately 2.5 million genotyped or 
imputed SNPs for association with BP in 34,333 and 29,136 subjects of European 
ancestry, respectively [23, 24]. Meta-analysis on a large scale involves combining 
the data of several studies together to detect SNPs with smaller effect sizes. The 
Global BPgen study identified 8 loci with genome-wide significance. The variants 
were near the CYP17A1, CYP1A2, FGF5, SH2B3, MTHFR, ZNF652, and PLCD3 
genes and chromosome 10 open reading frame 107 (c10orf107) [23]. The CHARGE 
study identified significant associations with systolic BP for 13 SNPs, with diastolic 
BP for 20 SNPs, and with hypertension for 10 SNPs, and reported 8 independent BP 
loci [24]. Three of these loci were common to both studies. Of the genomic regions 
identified by these meta-analyses, two of the 13 regions contained genes that were 
previously indicated to contribute to susceptibility of hypertension. These include 
the atrial natriuretic peptide A and B-type natriuretic peptide genes (NPPA and 
NPPB) on chromosome 1p32, and the CYP17A1 gene on chromosome 10q24, 
which causes a rare Mendelian form of mineralocorticoid hypertension [25].

Following these studies, the International Consortium for Blood Pressure (ICBP) 
used a multi-stage design in ~200,000 participants of European ancestry to identify 
29 SNPs from 28 loci with statistically robust associations for BP, including 16 
novel loci, and 6 loci that contained genes suspected or known to contribute to BP 
control; GUCY1A3–GUCY1B3, NPR3–C5orf23, ADM, FURIN–FES, GOSR2, 
GNAS–EDN3 [15]. A genetic risk score (GRS) based on the cumulative effect of all 
29 BP-associated variants was found to be associated with risk of stroke, coronary 
artery disease and left ventricular hypertrophy. No associations were observed with 
kidney disease or function. The described variants increased further to over 100 
using bespoke genotyping arrays including the ITMAT-Broad-CARE (IBC) array 
comprising 50,000 candidate genes SNPs [26–28], and Cardio-Metabochip [16], 
though the effect size for each SNP was small, on average 1 mmHg for systolic BP, 
and 0.5 mmHg for diastolic BP, typical of most genetic variants identified for dis-
ease, which tend to be common, and possess a small effect size [29].

The most recent GWAS have taken advantage of access to Biobank samples and 
longitudinal electronic health records (EHR) to discover new loci. A study by 
Hoffman et al., used records on 99,785 Genetic Epidemiology Research on Adult 
Health and Aging (GERA) cohort individuals to provide over 1.3 million BP 
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measurements for a GWAS on long-term average pulse pressure and systolic and 
diastolic BP [30]. Among 75 significant loci, 39 new loci were identified and repli-
cated in the combined ICBP and UK Biobank study. Merging data from GERA and 
ICBP produced 36 additional new loci, most of which were replicated in UK 
Biobank, and merging all three cohorts identified 241 additional significant loci, 
although no replication dataset was available. The BP associated SNPs were found 
to be enhanced in the aorta and tibial artery. The benefit of using clinical readings 
from EHR includes access to large sample sizes of data, and data that shows a long-
term average of several independent clinical measurements from a variety of clini-
cal visits, which simulation and experimental studies show can reduce phenotype 
variability, thus increasing the statistical power of a study [30, 31].

Another study by Warren et al., reported association of BP among approximately 
140,000 UK Biobank participants of European ancestry, taken from a prospective 
cohort of 500,00 individuals aged 40–69 (using data from baseline BP measure-
ments), with independent replication in large international cohorts [31]. Robust vali-
dation was reported for 107 independent loci (not previously reported at the time of 
analysis), including new independent variants at 11 previously reported BP loci.

25.6  Limited Contribution of Rare Genetic Variants to BP 
in the General Population

The majority of genetic variants associated with BP are common with relatively 
small effects (~1 mmHg SBP and ~0.5 mmHg per allele). Until recently, targeted 
experiments to address the contribution of low and rare frequency variants to BP 
traits were largely unexplored. In September 2016, the results from two large meta-
analyses of Exome chip genotypes were reported [14, 17]. The Exome chip is com-
prised of mostly rare (MAF  ≤  0.01) and low frequency (0.01  <  MAF  <  0.05) 
non-synonymous coding variants. These large analyses reported three rare variant 
associations (MAF < 0.1%) at COL21A1, RBM47, RRAS and three low frequency 
variant associations at SVEP1, PTPMT1, NPR1. The effect size per allele of the rare 
variants was ~2.0 mmHg per allele. Gene-based analyses including coding variants 
with MAF < 1% in the Exome chip studies discovered further associations at two 
new genes (A2ML1 and NPR1).

The more recently fabricated GWAS arrays also contain bespoke Exome content, 
similar to the Exome chip. The recent reports by Hoffman and Warren did not find any 
rare variant lead associations [30, 31]. However, conditional analysis of known loci 
identified a rare variant was at the CDH17; rs138582164 locus, this is an exonic stop 
gain mutation in the GEM gene [31]. This is a finding that will require validation.

25.7  GWAS in Individuals of Non-European Ancestry

GWASs have also been carried out in large cohorts of subjects of non-European 
ancestry. In 2010, a large GWAS meta-analyses identified a genetic variant near 
CASZ1 in subjects with Japanese ancestry [32]. The following year, the Asian 
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Genetic Epidemiology Network Blood Pressure (AGEN-BP) consortium identified 
6 significant associations with BP from a meta-analysis of GWAS including 19,608 
subjects of East Asian ancestry, only a few of these associations corresponded with 
findings from the ICBP meta-analyses that included only subjects of European 
ancestry [33]. The prevalence of hypertension is greater in African Americans, and 
the manifestations of cardiovascular disease are more severe compared to any other 
ethnic group in the USA. One of the largest meta-analyses of GWAS in African 
Americans was published in 2013 by Franceschini et al., which included 29,378 
individuals from 19 cohorts and replication in additional samples of individuals 
with African American, European and East Asian ancestry [34]. Three novel BP loci 
(RSPO3, PLEKHG1 and EVX1-HOXA) were identified from the combined trans-
ethnic meta-analyses. In 2017, a study by Liang et  al. in individuals of African 
ancestry identified three further BP loci (TARID/TCF21, LLPH/TMBIM4 and 
FRMD3), this study analysed 21 cohorts comprising of 31,968 individuals of 
African ancestry, and performed validation in 54,396 individuals from multi-ethnic 
samples. The BP-associated SNPs at TARID/TCF21, LLPH/TMBIM4 and FRMD3 
and GRP20/CDH1 were specific to individuals of African ancestry [35]. Functional 
annotation showed enrichment for genes expressed in immune and kidney cells, as 
well as in heart and vascular tissue cells.

In 2012, Kato et al., noted that approximately one quarter of BP associated loci 
(8/34) reported in four meta-analyses of GWAS are common across three ethnic 
groups—Europeans, East Asians and South Asians [36]. Trans-ancestry meta-anal-
yses are useful for discovering novel BP associated loci, but they also enable fine 
mapping of common casual variants. Kato et al., went on to follow up these findings 
in 2015 by reporting a large trans-ancestry GWAS, and replication study of BP 
phenotypes (systolic and diastolic BP, mean arterial pressure and hypertension) 
among 320,251 individuals of East Asian, European and South Asian ancestry [37]. 
Genetic variants at 12 novel loci were associated with BP, and 19 novel SNPs were 
identified with little heterogeneity between the different ethnic groups. These SNP 
associations indicated candidate genes involved in vascular smooth muscle 
(IGFBP3, KCNK3, PDE3A and PRDM6) and renal function (ARHGAP24, OSR1, 
SLC22A7 and TBX2).

In Table 25.2 we provide a summary of the results from large GWAS studies that 
have been undertaken thus far in non-European individuals, there have been limited 
studies undertaken solely in individuals of African descent (both discovery and rep-
lication). These early results indicate there is only a handful of variants that have 
ethnic-specific associations with BP traits [33, 35]. A comparison of BP-associated 
variants between individuals of Asian descent and Europeans indicate some are 
shared, however there is less sharing of BP-associated variants between Africans 
and East Asians, and between Africans and European individuals. The lack of cross 
validation of BP-associated variants in African individuals could in part be related 
to issues with power as smaller sample sizes have been investigated to date. It is 
notable however, that BP variants discovered in Europeans are combined into GRS, 
the GRS is significantly associated with BP traits in both Asian and African ances-
tries indicating a shared aetiology of BP and hypertension [15, 16].
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25.8  Blood Pressure Genetic Risk Score and Prediction 
of Cardiovascular Risk

Each BP-associated variant discovered in a GWAS individually only has a small 
effect size thus has no predictive value. However, the overall predictive information 
can be increased by combining the effects of multiple genetic variants together into 
a GRS. Blood pressure GRSs are commonly used to assess association with hyper-
tension and cardiovascular outcomes, and strong associations have been reported 
across several cardiovascular traits (for example: coronary artery disease, stroke, 
carotid intima thickness) [15, 16, 31]. A GRS constructed from BP-associated vari-
ants is highly significant for association with hypertension as the binary clinical 
outcome. This was originally illustrated by ICBP in 2011 using a GRS of 29 SNPs 
(P = 3.1 × 10−33) [38].

Using data from 5639 individuals from the 1958 Birth Cohort, a GRS based on 
all currently published BP variants (N = 332 were available in this dataset from 
N  =  348) increases the percentage trait variance explained by over 2-fold, with 
much higher statistical significance levels, compared to the GRS based on only the 
original 29 identified SNPs [15]: from 0.81% (P  =  7.31  ×  10−12) to 2.02% 
(P = 5.06 × 10−27) for association with SBP residuals after adjustment for sex and 
BMI; from 0.81% (P = 7.07 × 10−12) to 1.85% (P = 7.33 × 10−25) for association with 
DBP; and from 0.27% (P = 5.54 × 10−5) to 0.55% (P = 1.34 × 10−8) for association 
with hypertension (Fig. 25.1). Furthermore, the odds of hypertension for those at 
highest genetic risk in the top 20% of the GRS compared to those at lowest genetic 
risk in the bottom 20% of the GRS increases from 1.50 (95% CI: 1.22–1.85, 
P = 1.01 × 10−4) for the 29-SNP GRS to 1.78 (95% CI: 1.45–2.18, P = 2.64 × 10−8) 
for the full GRS, showing a better capacity for risk stratification as the number of 
variants added to the GRS increases. If other variants with larger effect sizes are 
identified risk stratification may increase further in the future.

The clinical utility of a BP-GRS as this time however is limited, even with the 
addition of 300 more signals. However, it may be useful for either screening sub-
groups of high-risk individuals, or for use in GRS models for stratified risk predic-
tion to identify patients at high risk of hypertension earlier in life, that may enable 
lifestyle intervention strategies. Recently, Warren et al. created a GRS including 107 
novel loci and 163 previously reported and LD filtered to r2 > 0.2 and tested the 
impact on BP levels and hypertension risk. A comparison of individuals in the high-
est quintile of the distribution of the GRS in individuals age >50 years to the lowest 
quintile indicated a two-fold higher risk of hypertension (OR = 2.32, 95% CI = 1.76 
to 3.06, P = 2.8 × 10−9) and the authors suggested that a BP-GRS may have some 
potential clinical and public health implications [31].

25.9  Missing Heritability

Despite the discovery of a multitude of validated SNPs for BP, the associated vari-
ants have a small effect, and the cumulative proportion of heritability accounts for 
approximately 3.5% of phenotypic variance in BP studies, a large difference from 
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the heritability estimates of 30–50% from twin and family studies. This is presumed 
to be a consequence of many of the causal loci not yet being identified, a phenom-
enon referred to as ‘missing heritability’. Heritability reflects the degree of pheno-
typic resemblance between relatives and depend on both shared genetic factors 
contributing to the trait and environmental factors and interactions within the 
genome [7]. Whereas GWAS have concentrated on identifying genetics factors by 
modelling the main effects of common SNPs, a focus on modelling 
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gene-environment (G × E) and gene-gene (G × G) interactions may help to uncover 
additional causal factors in human disease [6]. Hypertension is well known to be 
modulated by various lifestyle factors. In GWAS for hypertension related pheno-
types, significant G × E interactions have been identified with alcohol consumption, 
BMI, smoking, education levels and sodium intake, all of which are modifiable risk 
factors through a change in lifestyle. Findings from these studies warrant further 
research into the G × E interaction to help discover causal genetic loci that are con-
tributing to missing heritability [6]. No large-scale studies on G  ×  G have been 
reported.

However, missing heritability does not automatically correspond to missing vari-
ants, and may be a consequence of over-estimation of heritability. The proportion of 
heritability explained by a set of variants is the ratio of heritability caused by these 
variants (estimated directly from their observed effects), to the total heritability esti-
mated indirectly from population data [39]. The estimation of heritability can 
increase or decrease, with no changes in genetics, when there is a change in envi-
ronmental variation. Current heritability estimates represent a specific population 
under a specific environment. However environmental conditions differ between 
populations and across generations. Therefore, the observed heritability of BP is not 
a reflection of the true degree of genetic effect, rather it reflects the degree of varia-
tion in environmental effects [7]. Heritability estimates may also be influenced by 
errors in measurement, in previous studies it has been shown that minimising mea-
surement errors using ambulatory BP reading, or long-term average BP leads to 
higher estimates of heritability [7]. Missing heritability may also been a conse-
quence of the undetected causal variation at known GWAS loci, that are unable to 
be quantified by GWAS markers, as well as the presence of additional unidentified 
variants with small effect sizes that have been not been detected with strong signifi-
cance [40].

25.10  Epigenetics

Epigenetics is the study of potentially heritable changes in gene expression that 
does not involve changes to the underlying DNA sequence, a change in phenotype 
without a change in genotype [41]. This can occur by way of DNA methylation, 
histone modification, nucleosome positioning, transcription control with DNA-
binding proteins and non-coding RNAs and translation control with microRNAs 
and RNA binding proteins [42]. Epigenetic mechanisms have been proposed as a 
potential cause for the missing heritability of essential hypertension and the most 
studied has been DNA methylation [43]. Methylation occurs when a methyl group 
becomes bound to position 5 of the cytosine ring, forming 5-methyl-cytosine, at 
specific dinucleotide sites called CpGs. These CpGs are short sequences of DNA 
with high linear frequency 5′-CpG-3′ sequences and are frequently located in gene 
promoter regions. Functionally, DNA methylation suppresses gene transcription 
resulting in silencing of a gene [41, 43].
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The advent of high-throughput technologies has allowed epigenetic features to 
be comprehensively and quantitatively profiled across the genome. Different degrees 
of DNA methylation have been associated with variable onset, timing, and severity 
of essential hypertension. Global genomic DNA methylation can be quantified be 
measuring the level of 5-methyl-cytosine in a DNA sample [49]. Smolarek et al. 
found a correlation between decreased levels of 5-methyl-cytosine with increased 
hypertension severity in samples of peripheral blood [44]. Friso et al. found that 
HSD11B2 gene promoter methylation was associated with essential hypertension 
onset via disruption to body tetrahydrocortisol-tetrahydrocortisone ratio [45]. Wang 
et al. found that the PRCP gene was hypomethylated in hypertensive individuals, 
resulting in interfered cleavage of angiotensin II and III [46].

The most robust data for the involvement of DNA methylation in BP regulation 
comes from a study by Kato et al. [37]. An investigation of the relationship between 
the sentinel BP SNPs with local DNA methylation in 1904 South Asians revealed a 
two-fold enrichment between sequence variation and DNA methylation. The authors 
demonstrated that SNPs influencing BP are associated with methylation at multiple 
CpG sites, and that the observed effect of SNPs on BP is related to the effect pre-
dicted through association with methylation. Further epigenetic studies may help to 
explain some of the BP variance mediated by changes in gene expression.

25.11  Novel Hypertension Pathways

One of the most important outcomes from GWAS is the identification of new BP 
loci, and new biological mechanisms. There is a time-lag however in translating 
GWAS findings to physiology. Evidence has recently emerged of a novel pathway, 
mediated by the uromodulin gene (UMOD) in sodium homeostasis and BP regula-
tion. Uromodulin is a protein exclusively expressed by epithelial cells in the thick 
ascending limb of the loop of Henle in the kidney [47]. Interest in uromodulin was 
first indicated by an early GWAS showing an association between common SNPs in 
the upstream region of the UMOD gene with renal function and hypertension. A 
GWAS of BP extremes showed that the minor G allele of a UMOD promoter SNP, 
rs13333226, was associated with reduced urinary UMOD excretion, and a reduced 
risk of hypertension [48]. Confirmation of the essential role of uromodulin in 
sodium homeostasis and BP was subsequently demonstrated in a set of complemen-
tary experiments in mouse models [49, 50]. Graham et al. reported umod knockout 
mice had significantly lower systolic BP than wild-type mice, and were resistant to 
salt-induced changes of BP [49]. In contrast, Trudu et al. found that overexpression 
of UMOD caused a dose-dependent increase in UMOD expression and excretion, 
which was associated with increased BP [50]. These studies also showed that treat-
ment with furosemide (loop diuretic that inhibits sodium, chloride and potassium 
reabsorption in the thick ascending limb of the loop of Henle) increased urinary 
sodium excretion and decreased BP in both transgenic mice, and in hypertensive 
individuals homozygous for the uromodulin increasing allele. These findings sug-
gested that hypertensive patients in possession of the UMOD increasing allele may 
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benefit from loop diuretic treatment, rather that thiazide diuretics, particularly those 
patients with resistant hypertension burdened with the problem of fluid volume 
overload [49, 50].

25.12  Future Directions

There are now over 400 different genetic variants associated with BP that have been 
identified and validated by GWAS meta-analyses. Many of the SNPs discovered are 
common, and have a relatively small effect size, in contrast to rare variants, which 
exert a larger effect on BP [11]. Analyses of rare SNPs associated with BP has been 
inadequate so far, as only a small proportion of rare coding SNPs have been inter-
rogated.  Next-generation sequencing technology permits the detection of rare vari-
ants through deep sequencing of the entire genome at a reduced cost. Genetic 
sequencing studies of BP are still in the preliminary stages, and early studies have 
shown that it is crucial these studies possess large sample sizes [18]. The establish-
ment of national biobanks is likely to facilitate these studies, as they permit large 
well-powered studies for the analysis of rare variants, and interactions.  For exam-
ple, in the USA the National Institutes of Health will grant $142 million to the Mayo 
Clinic over 5 years, to establish the world’s largest research-cohort biobank for the 
Precision Medicine Initiative Program, a longitudinal research study aiming to 
enroll over a million or more American participants [51, 52]. In the UK, the 100,000 
Genomes Project aims to sequence 100,000 whole genomes from approximately 
75,000 NHS patients with rare diseases, cancer, or their families [53]. This project 
may aid in the discovery of further candidate genes that showed no previous asso-
ciation with BP.

Gene × Environment (G × E) interactions, relevant to the underlying pathophysi-
ology of hypertension, present a promising opportunity for the discovery of novel 
BP loci. G × E studies may help to account for non-additive genetic variance, which 
is typically ignored when genome-wide markers are used to research complex traits 
such as hypertension [18]. Non-additive genetic variance describes the genetic vari-
ation due to interactions between genes, and may have a significant impact on total 
genetic variation of complex traits [55]. A Gene-Lifestyle Interactions Working 
Group has recently been funded by the National Institute of Health to facilitate the 
first large, concerted, multi-ancestry study to systematically evaluate gene-lifestyle 
interactions [56]. The National Heart, Lung and Blood Institute (NHLBI) have also 
assembled a working group of multidisciplinary experts to explore the relationship 
between epigenetic modifications of genomic DNA and etiology, progression and 
prevention of hypertension [55]. Many epigenetic studies are limited by the nature 
of their sample, given blood is studied rather than effector tissues. Further research 
will be required in both human and animal models to reveal the specific mecha-
nisms involved and apply this knowledge for therapeutic purposes [57].

Despite the last decade witnessing a continued expansion of our understand-
ing of the genetics of hypertension, the picture remains complex, and much of 
the heritability of blood pressure continues to be unexplained. The enhanced 

25 Genetics and Genomics of Systemic Hypertension



738

understanding of genetic factors, will allow us to predict an individual’s suscepti-
bility to hypertension, and provide an appropriately tailored management plan, to 
both prevent and manage hypertension in clinical settings. Improvement in these 
areas will have major consequences for public health, and reduce the burden of 
chronic disease caused by hypertension, especially cardiovascular disease, on a 
worldwide scale.
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Abstract
Pulmonary hypertension is now a well recognised disease and is no longer 
regarded as rare. As new therapies come on line, the disease comes into recogni-
tion by cardiologists, respirologists, rheumatologists and paediatricians.

The genetic basis is also becoming clearer, not only in the idiopathic form, but 
also in the forms secondary to chromosomal abnormalities, micro-deletions and 
systemic disease.

The present chapter aims to introduce the reader to the genetic and molecular 
abnormalities in pulmonary hypertension, predominantly pulmonary arterial 
hypertension (PAH). However it must be realised that the field is now very large, 
with over 4500 gene mutations recognised to be implicated in pulmonary hyper-
tension. This chapter covers some of the interesting areas in this field, including 
the genetic changes in idiopathic PAH and the changes seen in association with 
congenital heart disease. The molecular changes that accompany this gives an 
insight to the cellular abnormalities in such disease.
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26.1  Introduction

Pulmonary Hypertension (PH) is a chronic condition affecting significantly both 
respiratory and cardiac function. PH has a high associated mortality due to the 
cardio- respiratory functional compromise. It is recognised more and more com-
monly—affecting 1% of the population [1].

Pulmonary arterial hypertension (PAH) is one of five types of PH and is identi-
fied as Group 1 of the World Health Organisation (WHO) classification (Table 26.1). 
It derives from increased pulmonary vascular resistance secondary to vasculature 
proliferation, hypertrophy and impaired endothelial growth [3, 4]. The increased 
resistance causes increased pressure on the right heart leading to strain and damage, 
resulting in symptoms including, hypoxaemia, dyspnoea, fatigue, syncope, and 
eventually fluid retention with peripheral oedema [5].

PAH is formally defined as a mean pulmonary arterial pressure >25 mmHg on right 
heart catheterisation with a raised pulmonary vascular resistance of more than 3 Wu.m2 
and no evidence of left heart disease, with a mean left atrial or capillary wedge pressure 

Table 26.1 Classification of pulmonary hypertension (PH) [2]

Category

  1. Pulmonary arterial hypertension (PAH)
   1. Idiopathic PAH (IPAH)
   2.  Heritable PAH (HPAH) includes: BMPR2, ALK1, endoglin (with or without hereditary 

haemorrhagic telangiectasia)
   3. Drugs and toxin induced
   4. Associated with
    1. Connective tissue disease
    2. HIV
    3. Portal hypertension
    4. Congenital heart disease
    5. Schistosomiasis
    6. Chronic haemolytic anaemia
   5. Persistent pulmonary hypertension of the newborn
    1. Pulmonary veno-occlusive disease and/or Pulmonary haemangiomatosis
  2. PH related to left heart disease
   1. Systolic dysfunction
   2. Diastolic dysfunction
   3. Valvular disease
  3. PH related to chronic lung disease and/or hypoxia
   1. Chronic obstructive pulmonary disease
   2. Interstitial lung disease
   3. Other pulmonary diseases
   4. Sleep-disorder breathing
   5. Alveolar hypoventilation disorders
   6. Chronic high altitude
   7. Developmental
  4. PH related to chronic thromboembolic disease (CTEPH)
  5. PH with unclear multifactorial mechanisms
   a. Haematological disorders
   b. Systemic disorders
   c. Metabolic disorders
   d. Others

S. Herbert and R.M.R. Tulloh



743

of <15 mmHg [2]. In practice, echocardiography is used for screening with evidence of 
a dilated right heart, a high peak velocity of tricuspid regurgitation of more than 2.7 m/s 
[6]. Within the WHO PAH classification, there are multiple causes including idiopathic 
disease, heritable causes, congenital heart disease, toxin related, PAH associated with 
connective tissue disease and persistent PAH of the new born [2].

In this chapter, we are mostly concerned with PAH, in terms of inherited causes 
of pulmonary arterial hypertension. We shall now discuss some cases to highlight 
important features. All cases are anonymised, with changed ages and characteristics 
to maintain patient anonymity.

26.2  Case 1

A 12 year old boy is seen in the general paediatric clinic because of tiredness and 
lethargy. He was previously well, but has been unable to play a game of football for 
the last 6 months. He had two episodes of breathlessness while running to school 
and fainted on one occasion while playing in the garden. All his family is well, with 
an older sister, two healthy parents and no sudden unexplained deaths.

When seen in the clinic, he was tall, had hypertelorism, normal character pulses, 
blood pressure and oxygen saturations. On palpation of his precordium, he has a 
right ventricular heave, loud pulmonary second heart sound and a soft diastolic 
murmur. Chest radiograph shows cardiomegaly and dark lung fields.

His ECG showed right atrial hypertrophy, right axis deviation and right ventricu-
lar hypertrophy.

His echocardiogram (Fig. 26.1) shows dilated right heart with reduced function. 
The tricuspid regurgitation peak jet velocity is 4  m/s, indicating that his right 

Fig. 26.1 Patient echocardiogram
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ventricular and hence pulmonary artery systolic pressure is around 70 mmHg (nor-
mal <36 mmHg).

He has the full pulmonary hypertension investigations performed following 
the protocol. CT scan of his lungs shows patchy mosaic appearance, but no evi-
dence of pulmonary emboli. The other results are shown in the table. Of note, he 
has a low 6 minute walk distance with a fall in peripheral oxygen saturation and 
also a degree of liver dysfunction, and was found to have a mutation in the 
BMPR2 gene.

He was treated with intravenous Epoprostenol via a centrally placed indwelling 
line, with medicine supplies sent to his home after 1 week in hospital for training. 
His right heart pressures fell substantially, confirmed on repeat cardiac catheterisa-
tion and he was able to return to school, living a fairly normal existence, even going 
swimming, with a waterproof container for the line.

He stayed remarkably stable for 7 years, but was noticed to have rising pulmo-
nary pressures on his routine echocardiogram and a worsening 6  min walk test. 
Additional therapy was introduced as Tadalafil and Ambrisentan. This held him 
stable for 18 months but he continued to deteriorate. He had already been referred 
for lung transplantation, which was now urgent and fortunately he received one 
before too long.

Sadly, whilst in recovery from transplantation, his 39-year-old mother was noted 
to be more breathless on walking the dog. She was referred to cardiology and was 
recognised to have pulmonary hypertension too. Rapid assessment in the PH clinic 
that week, revealed her to also have BMPR2 mutation and so also had heritable 
PAH. She responded well to oral medication, and both members of the family go 
home together, wondering what their futures hold.

26.2.1  Learning Points

This case highlights a typical presentation with respiratory symptoms, often 
described as ‘non-wheezing asthma’ [7]. The boy is the index case and demon-
strates all the features of idiopathic pulmonary arterial hypertension. Although most 
often seen in young ladies, this disease can affect any age. The mother presents at a 
later age, showing genetic anticipation so often seen, with earlier age of presenta-
tion with each successive generation.

The usual survival with no therapy is 2.8 years, but the advent of oral and intra-
venous therapy has altered this substantially [8]. Now, we have children and adults 
with IPAH who may survive a decade or more. New therapies are being added every 
year, giving hope to the patients.
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26.3  Case 2

A 4 month old baby was seen in the cardiology clinic because it is known to have 
Trisomy 21 (Down’s syndrome) and complete atrio-ventricular septal defect. It 
would be expected that he would be breathless and in heart failure. However, he was 
feeding well and was gaining weight normally.

When seen in the cardiac clinic, he was found to have signs of increased pulmo-
nary vascular resistance, with peripheral oxygen saturations of 88%, no breathless-
ness, but a right ventricular heave with loud pulmonary second sound. His 
Echocardiogram showed that there was no volume loading of the left heart, but the 
right ventricle was dilated with evidence of right to left shunt across the septum.

Time is given for the pulmonary vascular resistance to fall further, but at 9 months 
of age, cardiac catheterisation was performed, which demonstrated a raised pulmo-
nary vascular resistance of 9 Wu.m2. He was therefore not deemed to be suitable for 
cardiac surgery and was followed up in clinic.

Many years later, at age 20 years old he was seen in the Adult congenital heart 
disease pulmonary hypertension clinic, as part of the National Pulmonary 
Hypertension service. His exercise tolerance had fallen over the last few months, he 
was in WHO class III and so he was commenced on tadalafil and then macitentan in 
addition, both as oral therapy. His WHO class improved to II and his quality of life 
score (emPHasis 10) was better. He was stable and followed in the clinic for many 
years longer, with life expectancy being into the fifth or sixth decade.

26.3.1  Learning Points

Chromosomal anomalies, such as Trisomy 21 and Trisomy 18 are commonly asso-
ciated with poor development of the alveolae [9–11]. This leads to an increased 
pulmonary vascular resistance and can mean inoperability. In addition such people 
may have bronchomalacia or gastro-oesophageal reflux that makes the lung disease 
significantly worse. It is worth considering somatic syndromes as a cause when 
pulmonary vascular disease is diagnosed and conversely, consider there might be an 
underlying chromosomal anomaly or gene deletion that might be associated with a 
newly discovered PAH.

The first randomised controlled trial for therapy in pulmonary hypertension was 
BREATHE-5, which used a dual endothelin receptor antagonist—Bosentan, to 
demonstrate improvement in clinical markers in patients with Eisenmenger syn-
drome (PAH due to congenital heart disease) as compared with placebo [12]. This 
spawned a whole leash of new therapies and to management guidelines for PAH 
[13]. A variety of therapies are now available for such patients.
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26.4  Molecular Changes

Multiple genetic diseases have been documented to contribute to PAH disease bur-
den directly and indirectly. Genes directly contributing to PAH include numerous 
heritable causes that can be split into Familial PAH (2 or more family members 
affected) or simple PAH (spontaneous mutation). The diagnosis of heritable PAH is 
with right heart catheterisation, exclusion of other causes of PH and positive genetic 
testing. 6% of PAH patients have a positive family history and a median age of 
diagnosis at 36 years but the range includes the extremes of age [14]. The most 
important genetic defect is in the BMPR2 gene (Bone morphogenetic protein recep-
tor type II) which accounts for 75% of heritable PAH [15, 16].

The BMPR2 gene is found on chromosome 2q33 and encodes a serine-threo-
nine kinase BMP receptor where Tissue Growth Factor (TGF-β) binds [17, 18]. 
The majority of the BMPR2 abnormalities lead to frameshift and nonsense muta-
tions [19]. Limited functional analysis of this gene dysfunction has been docu-
mented, but the data suggests replacement of important cysteine molecules affects 
receptor migration to the surface. Failure of BMP receptor production increases the 
TGF-β in the pulmonary vasculature leading to a pro-fibrotic state [20]. Interestingly, 
it is thought, 20% of idiopathic PAH have a similar BMPR2 genetic abnormality 
[21]. BMPR2 gene defects can be both familial and in simplex PAH. The pene-
trance of the defect is 20% with a higher female to male ratio at 2.5 [22, 23]. In 
addition, it has been shown that there is an increased incidence of BMPR2 muta-
tions in PAH associated with congenital heart disease but the significance of this is 
as yet uncertain [24].

Other mutations in genes can directly increase PAH susceptibility including 
Vasoactive Intestinal Polypeptide (VIP) on chromosome 10, which is involved in 
smooth muscle relaxation [25]. Activin Receptor Like Type 1 (ACVR1) on chromo-
some 12 acts similarly to BMPR2 gene by increasing TGF-β and ALK-1 in heredi-
tary haemorrhagic telangiectasia [26, 27]. Caveolin 1 (CAV 1) on chromosome 7 is 
involved in regulating cell growth and division therefore mutations contribute to 
disordered proliferation [28].

The penetrance of these conditions is increased in the female sex but also expo-
sure to environmental triggers including RSV infection, premature delivery, con-
genital heart disease, 22q11.2 deletion, gastro-oesophageal reflux, and drug and 
toxin exposure can further increase susceptibility of phenotypic presentation 
(Fig. 26.2) [29, 30].

Gender (Female 
predominance)

Genetic
Susceptibility, eg 
BMPR2

Environmental 
factors

Increased 
penetrance of PAH

Fig. 26.2 Contributing factors to increased penetrance of PAH
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Within the WHO group 1 category of PAH there are also a group of diseases 
that PAH is indirectly associated with, that can be attributed to genetic abnor-
malities. Congenital heart disease (CHD) is a significant contributor to PAH. 
CHD, particularly with a left to right shunt, increases the pulmonary circulating 
volume damaging the vasculature. Over time, the pressure inside the lungs can 
exceed that of the left heart due to hypertrophy and proliferation of the vascula-
ture. This leads to a reversal of the shunt, which is a phenomenon, called 
Eisenmenger’s syndrome (ES). ES is the most severe form of CHD associated 
PAH, and is associated with challenging cyanosis and hypoxaemia and has a poor 
prognosis [31].

The most common genetic abnormality worldwide associated with CHD is 
Trisomy 21, Down’s Syndrome (DS) [32]. Around 50% of patients with DS have 
CHD, however there are multiple factors in this patient group contribute to PH, includ-
ing gastro-oesophageal reflux disease, obstructive airways, abnormal lung develop-
ment, and obesity [9, 33, 34]. The most common cardiac abnormality is atrio-ventricular 
septal defect—AVSD [3].

The majority of patients with DS have not inherited their condition; the most 
common way to acquire the genetic defect is with a meiosis problem in the maternal 
gamete. A small proportion of patients with DS have non-disjunction where there is 
translocation from both the maternal and paternal genes [35].

Diagnosis of DS can be made prenatally by chorionic villus sampling or amnio-
centesis or postnatally with genetic karyotyping if diagnosis is suspected based on 
dysmorphic features. It is important that once diagnosis is made that echocardiogra-
phy is performed to rule out CHD, as irreversible pulmonary vasculature changes 
can develop within 6 months [3].

Other genetic causes for CHD and therefore potentially PAH includes Trisomy 
13 (80% prevalence of CHD) and 18 (nearly 100%) which are typically associated 
with a poor outcome, and X Chromosome abnormalities Turner’s (XO, 45) (30%) 
and Klinefelter’s syndrome (XXY, 47) (50%) [36].

Within group 1 of the WHO PH classifications also is PAH associated with con-
nective tissue disease (CTD). CTD includes vascular injury, autoimmunity, tissue 
inflammation and organ dysfunction, hence their association with PAH [37]. CTD 
include Systemic Lupus Erythematosus (SLE), systemic sclerosis, and less fre-
quently rheumatoid arthritis, dermatomyositis and Sjogren’s Syndrome and the 
prevalence of PAH in CTD is 13% (range 2.8–32%). CTD genes are inherited but 
they are not always associated with disease onset, it is a complex combination of 
genetics and environmental factors that pre-dispose to PAH.

Cantú syndrome is a condition associated with both congenital heart disease and 
inflammatory disease. The abnormal ABCC9 gene on chromosome 12 leads to 
frameshift and missense mutations when encoding an ATP sensitive potassium 
channel [38]. It is unknown how excessive opening in the channel leads to hypertri-
chosis, congenital heart disease, macrocephaly and typical facies appearance. These 
patients are at increased risk of developing PAH.

Chronic haemolytic anaemia (CHA) is a pathological disease process where red 
blood cells are broken down. CHA is a cause of PAH and there are multiple genetic 
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and acquired causes for this disease. Genetic diseases include, hereditary spherocyto-
sis, thalassaemia, sickle cell disease, and glucose-6-phosphate dehydrogenase (g6pd) 
deficiency.

All chronic haemolytic anaemias have different genetic causes but contribute to 
pulmonary arterial hypertension by interfering with the nitric oxide (NO) pathway, 
which is responsible for vasodilation. Increased haemolysis results in increased cir-
culating haemoglobin which reacts with and destroys NO leading to a lack of vaso-
constriction in the pulmonary vasculature [39].

Disorders of haemoglobin production include the thalassaemias and sickle cell dis-
ease. Thalassaemias are abnormalities within either the alpha or beta chain of haemo-
globin and have a spectrum of clinical presentations from incompatibility of life with 
alpha-thalassaemia major to mild chronic anaemia with the beta- thalassaemias [40]. 
The most common affecting haemolysis are the beta- thalassaemia intermedia and 
major [41]. The HBB gene defect in beta-thalassaemia is located on chromosome 11 
[42] and Beta-thalassaemia major is diagnosed in early life and requires life long 
transfusion therapy for survival whilst beta- thalassaemia intermedia is associated with 
a better prognosis including survival without regular transfusions [41]. 60% to 75% of 
patients with a beta-thalassaemia will have an incidental finding of PAH [43, 44].

Sickle cell disease is an autosomal recessive condition that is also associated 
with an abnormality of the HBB gene called HbS on chromosome 11 [42]. Non- 
functional beta haemoglobin is formed leading to a change in the shape of the red 
blood cell from characteristic biconcave disk to crescent shape, 10% of patients will 
develop PAH [45].

Less common causes of CHA associated PAH include G6PD deficiency, which 
is a defect in red cell metabolism that leads to haemolysis. It has X-linked recessive 
inheritance and therefore affects males predominantly [46]. Defects in red blood 
cell membrane production include hereditary spherocytosis resulting in abnormally 
shaped spherical red blood cells. These causes of CHA are relevant to PAH when 
other clinical factors are present including, chronic splenectomy, coagulation abnor-
malities, oxidative stress, and iron overload [47, 48].These factors potentiate the 
effects of all CHA associated PAH.

People with PAH have a high mortality in pregnancy, particularly post-partum 
with only around a 60% survival and pregnancy should be advised against in this 
population [49]. However, pre-pregnancy counselling in the patients who do not 
possess PAH is of paramount importance if the patient or family members are at an 
increased genetic risk. This is particularly important for patients possessing high- 
risk gene defects for example BMRP2.

26.5  Molecular Aspects of BMPR2 and Other Mutations 
in the Pathway

Genetic studies have demonstrated that 70% or more of patients with hereditary 
PAH [50] and 10%–20% of patients with sporadic IPAH, are heterozygous for a 
mutation in bone morphogenetic protein (BMP) receptor type 2 (BMPR2). BMPR2 
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is a member of the TGF-β superfamily of growth factor receptors (Fig.  26.3). 
Different functions of BMPR2 are affected by different mutations including the 
ligand-binding domain and the signalling mechanism. Penetrance of heritable PAH 
is low, 80% of family members with BMPR2 mutation, never develop PAH [52]. 
Interestingly, 8% of patients with congenital heart disease and left to right shunts, 
leading to PAH also have mutations in BMPR2 [24]. More recent studies have made 
better links with Smad activation and microRNAs (especially miRNA 21) [53]. 
Loss of BMPR2 causes proliferation of pulmonary artery smooth muscle cells in 
response to TGF-β1 and BMP2.

26.6  Treatment and Summary

Treatment of PAH requires a multi-disciplinary team approach lead by a PH special-
ist, firstly by correcting any underlying disease, for example CHD and completing 
genetic testing and screening family members. A full description of the treatment 
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Fig. 26.3 Simplified schematic of the proteins encoded by the genes with mutations known to 
associate with pulmonary arterial hypertension (PAH), with a focus on the BMP signaling pathway 
but addition of recently described mutations. Genes with mutations known to associate with PAH 
include BMPR2, ALK1, Endoglin, Smad 9 (encodes SMAD 8), CAV1, KCNK3, and EIF2AK4. 
Possible resultant signaling or effects of protein actions are briefly listed. Of note, Smad- 
independent effects of BMP signaling abnormalities are not shown but may contribute to PAH 
pathogenesis, such as alterations in cytoskeletal dynamics, cell survival, and mitochondrial metab-
olism. BMPR2 indicates bone morphogenic protein receptor type 2; and TGF-β, transforming 
growth factor-β. From [51]; with permission
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available for PAH is beyond the scope of this chapter. In summary, oral monother-
apy includes phosphodiesterase-5 inhibitors (sildenafil), second line therapy (usu-
ally dual therapy) with endothelin receptor agonists (bosentan, macitentan, 
ambrisentan). Finally severe disease is treated with the prostanoids (Epoprostenol 
infusion or Iloprost inhalation) or sometimes with lung transplantation [2]. New 
therapies recently introduced include direct stimulation of soluble guanylate cyclase 
by Riociguat [54] especially for chronic thromboembolic PH not amenable to surgi-
cal therapy and also Selexipag [55] a new IP3 stimulator—with the intention of 
providing an oral alternative to the parenteral therapies of the prostanoids.

PAH is a chronic condition associated with a poor prognosis due to irreversible 
effects on the pulmonary and cardiac function. There are multiple genes associated 
with PAH including gene defects directly resulting in PAH, eg. BMPR2, or other 
diseases that have side effects of PAH, eg. CHD and CHA. Efforts need to be taken 
to diagnose PAH as early as possible to prevent long-term morbidity. Clinical suspi-
cion should be kept high for a genetic cause contributing to PAH particularly if there 
is a family history.
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Abstract
The aetiology of sudden cardiac death (SCD) and sudden arrhythmic death syn-
drome (SADS) is not fully explored. Expert cardiac pathology and detailed 
familial clinical evaluation can identify an inherited cardiac disease in up to 50% 
of the cases and subsequently guide the genetic investigation in the living family 
members. Post-mortem genetic testing, known as the “molecular autopsy”, has 
been increasingly used in the last 15 years as a complementary diagnostic tool. 
Advances in next-generation sequencing technologies, allowing the use of whole 
exome sequencing of expanding panels of genes, provide further insight into the 
pathogenesis of SCD and SADS. However, identification of numerous variants 
of unknown significance, emphasises the importance of cautious genetic inter-
pretation. In this review, we present the diagnostic process followed in character-
istic young SCD and SADS cases. We describe current evidence regarding 
cardiac pathology, appropriate familial clinical evaluation, and genetic analysis 
performed in relatives or in the proband’s DNA.
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27.1  Introduction

Sudden cardiac death (SCD) is defined as an acute change in cardiovascular status 
with the time to death being up to 1 h. In unwitnessed cases, the definition also 
includes victims last seen alive and functioning normally less than 24 h before being 
found dead [1]. The annual incidence of SCD in the general population, ranges from 
40 per 100,000 in Asia [2] to 100 per 100,000 in the USA [1]. There are an esti-
mated 70,000 SCDs in the UK and 300,000–400,000 SCD in the USA per annum 
[3]. The vast majority of these deaths can be attributed to coronary artery disease 
and heart failure. The incidence of SCD increases with age in both men and women, 
because the prevalence of ischemic heart disease increases with age. SCD has a 
much higher incidence in men than women, reflecting sex differences in the inci-
dence of coronary heart disease [4]. The epidemiology of SCD in the young 
(≤35 years), however, is not established adequately. Estimates of its annual inci-
dence range from 0.7 to 6.2 per 100,000 (Table  27.1), depending upon the age 
ranges included, the definitions used, the presence of an expert autopsy, the use of 
autopsy reports and/or death certificates and differences in populations investigated 
such as athletes or military recruits [17, 19, 21]. The proportion of sudden deaths 
that remains unexplained after post-mortem cardiac investigation and toxicological 
analysis is termed the Sudden Arrhythmic Death Syndrome (SADS) [29]. “Sudden 
infant death syndrome” (SIDS) or “sudden unexpected death in infancy” (SUDI) are 
also used in cases under 1 year of age when the cause of death remains unexplained 
despite detailed autopsy and forensic investigation [29].

Whereas coronary artery disease is identified as the major cause of death in 
older individuals, in the younger age group inherited cardiac disease and/or SADS 
predominate [30]. Non-inherited cardiac disease such as Wolff-Parkinson-White 
(WPW) syndrome, coronary artery spasm, coronary anatomy anomalies, concus-
sion of the heart from non-penetrating blunt trauma to the anterior chest in ath-
letes (Commotio Cordis), malignant mitral valve prolapse or myocarditis are also 
recognised as occasional causes of SCD [18, 31]. In the athletic population, 
hypertrophic cardiomyopathy (HCM) [32, 33], arrhythmogenic right ventricular 
cardiomyopathy (ARVC) [11] or SADS [26] have all been reported as the domi-
nant cause of death in different series. Subsequent clinical and genetic diagnostic 
workup identifies a genetic cause responsible for the death in up to 50% of the 
SADS victims and their families [34–37]. In this review, we present characteristic 
young SCD and SADS cases and the concomitant diagnostic process including 
the autopsy, familial clinical evaluation and the genetic analysis performed in 
relatives or in the proband’s DNA.
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Table 27.1 Main studies of sudden cardiac death in the young

Study
Population 
studied Age

SADS yield
N (%)

Annual 
incidence 
of SADSa

Annual 
incidence of 
SCDa

Molander [5] Sweden, 
1974–1979

1–20 4/31 (13%) 0.14 1.1

Neuspiel and 
Kuller [6]

USA, 1972–1980 1–21 29/207 
(14%)

0.64 4.6

Anderson et al. 
[7]

USA, New 
Mexico 
1977–1988

5–39 39/650 (6%) 0.39 6.6

Shen et al. [8] USA, 1960–1989 20–40 7/54 (13%)
<35 47.8%

0.80 6.2

Maron et al. [9] USA, Minnesota, 
1985–1997

Athletes 
13–19

0.20

Chugh et al. 
[10]

USA, 
Minneapolis 
1984–1996

>20 14/270 (5%)

Corrado et al. 
[11]

Italy, Veneto 
1979–1998

1–35 16/273 (6%)

Wisten et al. 
[12]

Sweden, 
1992–1999

15–35 38/181 
(21%)

0.19 0.9

Morentin et al. 
[13]

Spain, Bizkaia 
1991–1998

1–35 19/107 
(18%)

0.43 2.4

Corrado et al. 
[14]

Italy, Veneto 
1979–1999

12–35 18/300 (6%) 0.06 1
2.1 athletes

Eckart et al. 
[15]

USA, 1977–2001, 
military recruits

>18 44/126 
(35%)

Doolan et al. 
[16]

Sydney, Australia 
1994–2002

≤35 60/193 
(31%)

Puranik et al. 
[17]

Australia, 
1995–2004

5–35 124/427 
29%

Fabre and 
Sheppard [18]

UK, 1994–2003 15–35 144/223 
(64.5%)

Papadakis et al. 
[19]

UK, England 
Wales

1–34 226/1677 
(14%)

0.24 1.8

Chugh et al. 
[20]

USA, Oregon 
2002–2005

<18 23/25 (92%) 
SIDS

1.7
0.8 SIDS

Winkel et al. 
[21]

Denmark 
2000–2006

1–35 136/314 
(33%)

0.8 2.4

Eckart et al. 
[22]

USA, 1998–2008 >18 39/187 
(21%)
41% in <35
11% >35

1.2 < 35
2.0 > 35

6.7 males, 
1.4 females

Margey et al. 
[23]

Ireland, 
2005–2007

14–35 31/116 
(26.7%)

0.76 2.8

Pilmer et al. 
[24]

Ontario, Canada, 
2008

2–40 48/174 28% 0.7 (2–18)
2.4 (19–29)
5.3 (30–40)

(continued)
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27.2  Clinical Examples

27.2.1  Case 1

A 3 years-old young girl collapsed having just arrived at her aunt’s home. She had 
experienced no prior cardiac events and had no prior medical history of note. An 
autopsy performed by a specialist cardiac pathologist did not reveal any cardiac 
pathology. There was a subtle lymphocytic infiltrate seen in the heart insufficient to 
make a diagnosis of acute myocarditis (Fig. 27.1a). DNA was extracted from the 
spleen at post-mortem and was stored in the molecular genetics laboratory. A diag-
nosis of SADS was advocated and the victim’s family was invited to an Inherited 
Cardiac Diseases Clinic for cardiac evaluation.

The family had also suffered the sudden death of her father due to subarachnoid 
haemorrhage few months after the birth of his daughter. At his autopsy there was 
evidence of significant coronary atherosclerosis. There was a strong history of coro-
nary artery disease in the father’s side but no history of premature sudden cardiac 
death. The proband’s older brother and mother were investigated with a comprehen-
sive cardiac protocol which included a resting ECG, an exercise treadmill test, 24-h 
ambulatory ECG monitoring and a 2D echocardiogram. These investigations were 
within normal limits (Fig. 27.1b). Her mother also underwent ajmaline provocation 
testing and an epinephrine challenge. The ajmaline test did not induce any evidence 
of the type 1 Brugada ECG pattern and the epinephrine challenge did not induce any 
sustained or significant QT prolongation or any significant ventricular arrhythmia.

Genetic results from a next generation sequencing (NGS) of a 77 panel analysis 
of the proband’s DNA however revealed a likely pathogenic variant in the ryanodine 
receptor gene (RYR2, c.12013G>A). Cascade genetic analysis of the deceased’s 
mother and brother and DNA extracted from a block retained from the father’s 
autopsy did not identify the variant indicating a likely de novo variant and permit-
ting reassurance of the mother and her son and discharge from clinical care.

Table 27.1 (continued)

Study
Population 
studied Age

SADS yield
N (%)

Annual 
incidence 
of SADSa

Annual 
incidence of 
SCDa

Harmon et al. 
[25]

USA 2004–2008 Athletes 11/36 (31%)

Finocchiaro 
et al. [26]

UK 1994–2014 Athletes 149/357 
(41%)

Anastasakis 
et al. [27]

Greece, Attica 
2002–2010

1–35 63/349 
(18%)

0.5 1.8

Bagnall et al. 
[28]

Australia, New 
Zealand 
2010–2012

1–35 198/490 
(40%)

0.5 1.3

aAnnual incidence when available in population-based studies is reported per 100,000 persons
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27.2.2  Case 2

A 23 year-old Caucasian male was found deceased during his sleep. He had been fit 
and healthy and never complained of any cardiac symptoms prior to his death. A 
specialist cardiac autopsy did not reveal any cardiac pathology. Cardiac investiga-
tions in the family revealed a spontaneous type 1 Brugada ECG pattern in the vic-
tim’s mother and a definite Brugada type 1 during an ajmaline provocation testing 
in his sister (Fig. 27.2). Targeted genetic analysis in the proband’s mother and sister, 
revealed a pathogenic SCN5A mutation (c.4385T>A, p.Leu1462Gln). Due to low 
quality DNA, genetic screening in the DNA of the deceased was not possible. From 
the family history, there were 3 more unexplained deaths in distant relatives and 
several relatives had received a pacemaker. Insights from the extended family 

a b

Fig. 27.1 (a) Single lymphocytic focus in the microscopic evaluation of the proband’s heart. (b) 
Normal resting ECG of the proband’s mother

PPM PPM PPM

+
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SADS, 23
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+

+++ –17

Fig. 27.2 (a) 3 generation family pedigree. Circles indicate female; squares indicate male; sym-
bols with a slash indicate deceased subjects and coloured black symbols indicate clinically dis-
eased persons. Symbols with a positive sign indicate mutation carriers whereas a minus sign 
indicates mutation-free subjects. The age reported in subjects with SD indicates the age at the 
event. (b) Right precordial leads placed on the 4th (V1, V2), 2nd (V12, V22) and 3rd (V13, V23) 
intercostal space recorded at the 6th minute of an ajmaline provocation testing in the proband’s 
second cousin. An unequivocal type 1 Brugada pattern is recorded with J point elevation >2 mm, 
coved ST segment appearance and symmetric negative T wave (in all leads except V2)
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showed that a maternal 1st cousin has been diagnosed with sick sinus syndrome and 
had a pacemaker implanted several years ago. Due to symptomatic episodes of ven-
tricular tachycardia the device was upgraded to an implantable cardiovertor defibril-
lator (ICD). She was treated with flecainide but she had several inappropriate and 
appropriate shocks. Following the death of her distant nephew and the information 
that BrS was found in the family, she was tested for SCN5A mutations and was 
found to bear the same mutation as her 1st cousin. Cascade genetic analysis revealed 
that her two children were also SCN5A carriers. Her 17 years-old daughter exhibited 
a type 2 Brugada pattern on her ECG.

27.2.3  Case 3

A 39 year-old Caucasian male died suddenly and unexpectedly during light jogging. 
He had been fit and healthy and never complained of any cardiac symptoms prior to 
his death. A specialist cardiac autopsy was performed and revealed fibrosis of the 
intraventricular septum (Fig.  27.3a). Subsequently, DNA was extracted from the 
spleen at post-mortem and was stored in the molecular genetics laboratory. There 
was an additional premature sudden death in the proband’s maternal uncle who died 
at the age of 17. The post-mortem-report from 1966 stated ‘vagal inhibition’ as the 
cause of death. Given the pathological diagnosis of idiopathic fibrosis and the fam-
ily history of two sudden deaths, the family was invited to the Inherited Cardiac 
Diseases Clinic for cardiac evaluation. The proband’s younger sister and his parents 
were investigated with a comprehensive cardiac protocol which included a resting 
ECG, an exercise treadmill test, 24-h ambulatory ECG monitoring and a 2D echo-
cardiogram as baseline investigations.

A mild phenotype of dilated cardiomyopathy (DCM) with left ventricular (LV) 
enlargement and moderately impaired systolic function was identified in the pro-
band’s sister. A cardiac MRI revealed mid-wall fibrosis with late gadolinium 
enhancement in the left apical and mid septal walls and LV hypo-perfusion 
(Fig. 27.3b, c). Her 24-h tape revealed over 4000 polymorphic ventricular ectopics 
with several runs of non-sustained ventricular tachycardia. Borderline left ven-
tricular dimensions with low normal systolic function and a high burden of ven-
tricular and supraventricular arrhythmias were also identified in the proband’s 
mother. Both patients received optimised heart failure medication and an ICD for 
primary prevention. Additionally, the proband’s mother was started on full antico-
agulation therapy. Predictive genetic testing for commonest genes implicated in 
arrhythmogenic dilated cardiomyopathy (LMNA, TTN, MYH7, TNNT2) and left-
dominant ARVC (DSG2, PKP2, DSP) was performed. Two variants of unknown 
significance in LMNA and TTN genes were identified in the proband’s mother. A 
77-panel NGS analysis in the proband’s DNA confirmed the presence of the TTN 
stop gain variant (c.65935A>T p.(Arg21979) which was then classified as likely 
pathogenic using the American College of Medical Genetics consensus statement 
guidelines [38].
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27.3  Discussion

27.3.1  The Role of Cardiac Pathology

An accurate post-mortem diagnosis is the first step in the assessment of SCD and 
allows optimal clinical and genetic evaluation of families in cases with a suspected 
genetic cause. Lack of resources, time constraints and limited preservation of 

a

b c

Fig. 27.3 Upper panel (a) Macroscopic findings in the proband with sudden cardiac death. Note 
the pale appearance of the left ventricular myocardium (black arrows) indicating circumferential 
mid wall fibrosis. The myocardium appears brighter in the inferior wall with almost transmural 
extension of the fibrosis (white arrow). Lower panel: Cardiac MRI images in the proband’s mother. 
(b) Short axis cine still showing normal biventricular size and function (c) Midventricular short- 
axis late gadolinium enhancement indicating mid wall circumferential fibrosis (red arrows)
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autopsy tissue represent the main factors for absence or deficiency of histopatho-
logical examination. This leads to reduced quality autopsies and erroneous diagno-
ses. Even when an autopsy with adequate histopathological analysis is performed, 
normal macroscopic and microscopic variation can be misinterpreted as pathologi-
cal, impeding the correct clinical evaluation in the family and misdirecting the 
genetic process. Expert cardiac pathology can detect subtle findings of unknown 
significance that cannot be categorised diagnostically (Table  27.2; Fig.  27.4). 
Accurate interpretation of these cases is crucial, especially when idiopathic fibrosis 
or left ventricular hypertrophy (LVH) are detected, since familial evaluation and/or 
post-mortem genetic testing (the ‘molecular autopsy’) identify a similar yield of 
primary arrhythmia syndromes and cardiomyopathies compared to series of SADS 
cases [39, 40]. On the other hand, cardiac pathology may be missed by general 
autopsy, mislabelling cases as SADS and leading families into an unnecessary, 
time-consuming expensive and distressing process. Moreover, a detailed autopsy 
study of the conduction system is extremely consuming and unsatisfactory in the 
investigation of most sudden deaths [41].

The proportion of morphologically normal hearts at autopsy vary widely, rang-
ing from 5% to 65%. Data from population-based studies estimate annual inci-
dences of SADS from 0.19 to 2.0 per 100,000. Discrepancies in the identification of 
SADS are commonly recognised in series from expert cardiac pathology centres 
when compared to general pathology. Although a referral bias to specialist centres 
is a major limitation in defining the true aetiology of SCD, this disparity mainly 
reflects the low sensitivity and specificity of cardiac autopsy performed by general 
pathologists [18]. De Norohna et al. directly analysed the interpretation of autopsies 
in young sudden death victims given by general pathologists and specialist cardiac 
pathologists and showed an incongruence of almost 59% in diagnoses. General 
pathologists tended to diagnose pathology rather than designate the heart as struc-
turally normal with 37% of normal hearts being described as pathologically abnor-
mal. ARVC and myocarditis were the most commonly over-reported misdiagnoses 
given in normal hearts. Fatty infiltration of the right ventricle and normal myocyte 

Table 27.2 Equivocal findings during autopsy

Autopsy finding Normal finding in
Pathological 
change in

Right ventricular fatty 
infiltration

Females, obese, elderly ARVC

Idiopathic LVH Athletes HCM
MV ballooning Female gender, elderly MV prolapse
Left ventricular myocyte 
disarray

Left ventricular anteroseptal and 
posteroseptal walls

Subclinical HCM

Inflammatory foci with or 
without fibrosis

Focal myocarditis

Idiopathic Fibrosis DCM, ARVC, 
HCM

ARVC arrhythmogenic right ventricular cardiomyopathy, HCM hypertrophic cardiomyopathy, 
LVH left ventricular hypertrophy, MV mitral valve, DCM dilated cardiomyopathy
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disarray in the anteroseptal and posteroseptal LV walls were the main misinter-
preted findings; mislabelling autopsies as ARVC and HCM respectively. In contrast, 
a number of hearts which general pathologists labelled as normal did actually have 
pathology [42].

These data indicate that the true incidence of structurally normal hearts is under-
estimated and underdiagnosed by general pathologists whereas cardiomyopathies 
and coronary artery disease are over-diagnosed. The significance of expert cardiac 
autopsy has been emphasized and is recognized as a class I indication by a consen-
sus statement from the Heart Rhythm Society (HRS), European Heart Rhythm 
Association (EHRA), and the Asia Pacific HRS [29]. Best practice guidelines set by 
the Royal College of Pathologists and the Association for European Cardiovascular 

c

a

d

e f

b

<15 mm >15 mm

Fig. 27.4 Findings of unknown significance during autopsy (a) Macroscopically normal heart (b) 
Isolated RV fatty infiltration (c) MV ballooning (d) Isolated left ventricular disarray (e) Isolated 
left ventricular hypertrophy (f) Non-significant coronary artery disease
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Pathology also recommend referral of whole hearts to specialist centres with high 
volume and recognized expertise [43]. There is still however significant variance in 
the use of expert autopsy amongst different countries and within the same country.

27.3.2  Circumstances of Death

A careful anamnesis of the specific circumstances of death and of any prior symp-
toms in the victim is helpful in designing the consequent genetic and clinical pro-
cess since it may imply a distinct pathophysiological mechanism liable for the 
death. Deaths during sleep or at rest suggest a non-adrenergic mediated mechanism 
in contrast to deaths during exertion or stress where the adrenergic component pre-
dominates [30]. Exertion as an inciting event implies HCM, ARVC, Wolff- 
Parkinson- White syndrome or an underlying channelopathy, such as subtype 1 of 
long QT syndrome (LQTS) or catecholaminergic polymorphic ventricular tachycar-
dia (CPVT) as potential causes of death. On the other hand, the incidence of ven-
tricular arrhythmias in Early Repolarisation Syndrome (ERS), coronary artery 
spasm and Brugada syndrome (BrS) exhibits marked circadian variations with sig-
nificant peaks of cardiac arrest and appropriate shocks observed during sleep or 
increased vagal activity [44–46].

Analysis of gender and trigger-specific data reveal that deaths during sleep or at 
rest are more common than deaths during exercise or with emotional stress [47]. 
Our group analysed approximately 1000 SADS cases with 82% of the deaths occur-
ring during rest or at sleep [48]. Male sex and age <18 years were independently 
associated with exercise/stress related deaths. Prior syncope (4.1%), documented 
arrhythmia (3.4%), and family history of sudden death (4.2%) were relatively 
uncommon. Data from autopsy series in the athletic population have shown that the 
higher risk of SCD in athletes is strongly related to congenital coronary artery 
anomaly, ARVC and premature coronary artery disease [14]. In a recent analysis of 
357 athletes, ARVC and left ventricular fibrosis most strongly predicted SCD dur-
ing exertion [26]. Additional circumstantial, age and gender-specific characteristics 
have been associated with different cardiac causes for SCD and SADS as illustrated 
in Table 27.3.

27.3.3  Pathophysiology of SCD/SADS

The pathophysiology of SCD is complex and varies between different pathologies. 
The most common electrophysiological mechanism in ischaemic SCD is ventricu-
lar tachycardia degenerating primarily to ventricular fibrillation and later to asys-
tole. Bradyarrhythmia or electromechanical dissociation are also implicated 
particularly in patients with advanced heart disease [4], or conditions affecting the 
cardiac conduction system such as desminopathies, laminopathies or premature car-
diac conduction disease (PCCD).
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In patients with a morphologically normal heart at post-mortem, various genetic 
or acquired cardiac abnormalities are the main contributors to the initiation of life- 
threatening arrhythmias such as polymorphic ventricular tachycardia and torsade de 
pointes. In arrhythmia syndromes, primary genetic defects lead to dysfunctional 
cardiac ion channel subunits or interacting proteins and subsequently to impaired 
electrical properties of the heart. This consists of an underlying substrate suscepti-
ble to ventricular arrhythmias especially when interacting with a transient event 
such as emotional stress or exercise (CPVT, LQTS), fever (BrS), pharmacological 
challenge (BrS, LQTS) or increased vagal tone (BrS, LQTS), causing syncope or 
cardiac arrest [30]. In patients with the WPW syndrome, pre-excited and rapidly 
conducted atrial fibrillation may lead to high ventricular rates and cardiac arrest 
[49]. Commotio cordis, can lead to fatal cardiac arrest, due to either myocardial 
trauma or the mechano-electrical triggering of a ventricular tachyarrhythmia during 
the vulnerable period of the T wave [50].

27.3.4  Clinical Evaluation of SADS Victims

Familial cardiological evaluation can identify an inherited cardiac disease and guide 
the genetic investigation in the family [29]. Various extensive or more limited clini-
cal protocols have been used in the clinical assessment of SADS victims (Fig. 27.5), 
including personal and family history, physical examination, resting 12-lead ECG 

Table 27.3 Age, gender and triggers specific correlations of conditions causing SCD and SADS

Gender Age Triggers
ARVC Exercise, athletic activity
HCM Late adolescence-early 

adulthood
Exercise

LQTS1 Male children 
female adults

Younger age Exercise, swimming, 
pharmacological

LQTS2 Post-partum in 
females

Auditory stimuli, stress, 
pharmacological

LQTS3 Sleep, pharmacological
BrS Male Young middle age 

adults
Fever, sleep, post-prandial, 
pharmacological

SQTS Late adolescence-early 
adulthood

Coronary 
Spasm

Rest, morning

CPVT Male Childhood - early 
adolescence

Exercise, Stress

WPW 
syndrome

Exercise, Athletic activity

ARVC arrhythmogenic right ventricular cardiomyopathy, HCM hypertrophic cardiomyopathy, 
LQTS long QT syndrome, BrS Brugada syndrome, SQTS short QT syndrome, CPVT catechol-
aminergic polymorphic ventricular tachycardia, WPW Wolff-Parkinson-White

27 Genetics and Genomics of Sudden Unexplained Cardiac Death



766

(including high right ventricular leads), echocardiography, exercise, and ambulatory 
ECGs [34, 51–55]. Further investigations are usually guided by the initial results. A 
detailed analysis of the victim’s prior symptoms or contingent clinical encounters 
(including any previous ECGs) as well as the circumstances of death and pathology 
reports is pertinent and the first step in the familial evaluation. A systematic assess-
ment of the family tree in search of any additional sudden deaths or deaths associ-
ated with drowning, car accidents or SIDS, a specific pattern of inheritance 
(X-linked) and relevant clinical phenotypes such as syncopal episodes or relatives 
with pacemakers or ICDs can provide precious hints regarding the presence of an 
inherited cardiac disease [56].

The mean yield of studies of familial evaluation in SADS is 32% with a range of 
18%–53% (Fig. 27.6). This variability is very much dependent on the population, 
the availability of autopsy and expert autopsy, and the rigor of the investigative 
protocol used. Arrhythmia syndromes predominate with average yields for LQTS, 
BrS and CPVT of 13% (5–18%), 6% (2.3%–39%) and 4% (0–12%) respectively. 
Despite a normal expert cardiac autopsy, some families manifest cardiomyopathy 
with an estimated mean yield of 6% (0–16%). Variable expressivity and incomplete 
penetrance are hallmarks in inherited cardiac diseases and should be expected in the 
familial evaluation of SADS victims [57].

After comprehensive evaluation, if no abnormalities are detected in first-degree 
relatives, the risk of future cardiac events related to inherited cardiac disease is gen-
erally low [30]. Affected family members are given appropriate treatment and/or 
interventions such as beta-blockers, pacemakers or ICDs. Usually any potential 
genetic testing is guided by the clinical phenotype found in the family or the cardiac 

Familial evaluation (personal & family history, resting, exercise & 24-hour ECG, 2D echocardiogram)

Sudden cardiac death victim

Molecular autopsy

Additional investigations & cascade genetic testing in relatives diagnosed with an inherited cardiac disease or a positive molecular autopsy

Abnormal investigations 

Inconclusive investigations

Expert autopsy

Signal averaged ECG 
Provocative testing

Cardiac MRI 
Cardiac biopsy 

Normal investigations

Follow Up 

Diagnosis

Mutation identified in cascade 
screening

Discharge

Yes No

Fig. 27.5 Flow diagram of the standard clinical protocol in families of sudden cardiac death 
victims
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condition suspected. Cascade genetic analysis can then identify several asymptom-
atic mutation carriers who will require regular clinical follow up. Once a diagnosis 
is made the actual proportion of molecular diagnoses in those with a clinical pheno-
type ranges from 23%–47% overall in all reported series [30]. The identification of 
the specific mutation or mutations in the DNA of the victim can confirm the sus-
pected cause of SCD and provide the sufficient segregation analysis to clarify the 
causal relationship and pathogenicity of a specific genetic variant.

27.4  Molecular Autopsy in SADS: Initial Experience

27.4.1  The Evidence

The alternative approach of post-mortem genetic testing in SADS victims, known 
as the molecular autopsy [58], has been increasingly explored in the last 15 years 
(Table 27.4). Preliminary case reports indicated an additive value of targeted testing 
of ion channel genes in the assessment of SADS victims (5, 6). Subsequent small 
case series, investigating less than 20 SADS victims and using Sanger sequencing 
technologies, corroborated initial results reporting a molecular autopsy yield for the 
major LQTS and CPVT genes of up to 35%.

Initial studies often utilised formalin-fixed paraffin embedded (FFPE) tissue as a 
source of DNA that has severe limitations when used for comprehensive mutational 
analysis as it can be degraded by the process and over time. When validating differ-
ent DNA extraction procedures, DNA from FFPE is considered error-prone and 
unreliable in comprehensive evaluation of SADS associated genes [76]. Given these 
shortcomings, the guidelines of the Association for European Cardiovascular 
Pathology recommend 10 ml of EDTA blood and 5 g of heart and spleen or liver 
tissues to be either frozen and stored at −80 °C, or alternatively preserved in a tissue 

13%

9%

28%

7%

14%

14%

14%

4%

5%

9%

5%

2%

3%

7%

7%
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1%

5%

1%

3%

9%

16%

6%

7%
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3%
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2%

3%
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0% 10% 20% 30% 40% 50%

Behr et al 2003 n=32

Tan et al 2005 n=43

Behr et al 2008 n=57

Van der Werf et al 2010 n=140

Caldwell et al 2012 n=84

Kumar et al 2013 n=109

McGorrian et al 2013 n=73

Bagnall et al 2016 n=91
LQTS

BrS

CPVT

Cardiomyopathy

Other arrhythmic syndrome

Other

Fig. 27.6 Clinical yield of studies assessing SADS
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storage solution capable of protecting cellular RNA (“RNA later”) at 4 °C for up to 
2 weeks as part of the standard autopsy for SADS [43]. Collection of blood and/or 
suitable tissue for molecular autopsy is a class I recommendation in the HRS and 
EHRA recommendations for genetic testing in inherited arrhythmias [29, 77].

A large series of 173 consecutive cases tested for the main LQTS and CPVT1 
genes finding a yield of 26% [37]. Overall, 45 putative pathogenic mutations, absent 
in up to 700 controls were identified in 45 cases. This study also provided interest-
ing gender, personal and family history and trigger specific associations with geno-
type. Female gender, family history of premature SCD, personal history of cardiac 
symptoms and exercise-related death were associated with a higher genetic yield. 
Almost half of SADS cases with a family history of premature SCD were identified 
with a putative pathogenic mutation. Cases aged 1 to 10 years with an exertion- 
induced death had a yield that was significantly higher than that of 11- to 20-year- 
olds with exertion-induced death. In contrast, for those individuals who died during 
sleep, the 11- to 20-year-olds had a higher yield than the 1- to 10-year-olds. These 
results are in accordance with known susceptibility of KCNQ1 and RYR2 mutations 
to exertional arrhythmias [30].

Due to the circumstances of sudden death and family history, these earlier series 
may have reflected a referral bias, leading to an overestimation of the expected yield 
of ion channel genes. Further studies (see Table 27.4) conducted population-based 
studies leading to distinctly lower yields of around 15% [62, 66]. However, these 
studies predominantly assessed a limited range of ion channels genes and a restricted 
number of exons in the RYR2 gene due to the limitations of Sanger sequencing.

27.4.2  Molecular Autopsy in the Whole Exome Sequencing 
(WES) Era

Advances in next-generation sequencing technologies have led to cost-efficient and 
rapid genetic analysis from comparatively small amounts of DNA.  Most recent 
studies (Table 27.4) benefited from the use of whole exome sequencing, investigat-
ing expanding panels of genes, including all major disease-associated arrhythmia 
syndrome and cardiomyopathy genes, as well as less frequently involved genes. 
Evidence arising from these comparatively small studies still emphasised the domi-
nant role of the main LQTS genes in the aetiology of SADS. The presence of patho-
genic RYR2 variants was however significantly lower in these exome studies [68, 
69]. This may be due to smaller numbers or a stricter frequency cut-off for variant 
calling comparing to the initial Sanger sequencing molecular autopsy series.

Since cardiomyopathies are expected to be picked up at autopsy, systematic test-
ing of genes associated with structural cardiac disease had not been performed in 
the initial era of molecular autopsy. The use of exome sequencing also enabled the 
analysis of cardiomyopathy-related genes, the role of which remains largely unex-
plored in SADS cases. Loporcaro et al. first reported results from a whole exome 
sequencing specific analysis of 90 genes in a single case of a 16-years-old female 
SADS victim. Unexpectedly a pathogenic variant in MYH7 was identified, a gene 
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that has been associated previously with hypertrophic cardiomyopathy (HCM) [78]. 
Subsequently, pathogenic variants in genes associated with ARVC (DSP, DSC2, 
PKP2), HCM (MYH7, MYH6) and DCM (TTN, LMNA) have been identified in stud-
ies of WES molecular autopsy [68, 69, 72]. In one of the highest cardiomyopathy 
yields reported so far, Zhang et al. reported a 12% of PKP2 possibly pathogenic 
variants in SADS victims [73].

Most recently a population based study conducted in New Zealand and Australia 
[28] performed genetic analysis of at least 59 cardiac arrhythmia and cardiomyopa-
thy genes in 113 SADS cases. The investigators found 36 clinically relevant cardiac 
gene mutations in 31 of 113 SADS cases (27%) with only 10 variants (9%) in the 
four ‘usual’ molecular autopsy genes (RYR2, KCNQ1, KCNH2, and SCN5A). 
Interestingly, 20 rare variants were found when the major, minor, and rare cardio-
myopathy genes were analysed. The one major caution however is the increased 
background genetic noise evident in these genes and the challenge of interpretation 
of rare variants which are often of uncertain significance (VUSs). This may lead to 
a relative over estimation of the true impact of these genes on the risk of 
SADS. Indeed, in the largest to date study, including 302 SADS victims, an NGS 
panel of 77 candidate genes and more stringent criteria in the variant classification, 
as indicated by the ACMG guidelines were used [75]. The authors identified a 
pathogenic or likely pathogenic variant in 13% of cases and the majority of variants 
were found in the major ion channelopathy genes. Although a small number of vari-
ants in the cardiomyopathy genes was also identified, the ratio of rare VUS to patho-
genic or likely pathogenic cardiomyopathic variants was extremely unfavorable in 
this cohort.

Nonetheless these data tend to confirm the small proportion of inherited cardio-
myopathy that is systematically reported in major series of familial clinical evalua-
tion [79]. They also support the inclusion of genes associated with structural cardiac 
diseases when investigating SADS albeit with cautious interpretation of results.

How can this phenomenon be explained? Subtle structural and histological 
changes can be missed during autopsy, even in an expert setting, or may not have 
developed in the hearts of children. There is however mounting evidence from 
experimental and clinical studies of arrhythmogenesis in preclinical cases of car-
diomyopathies without an overt phenotype of cardiac dilatation, hypertrophy or 
dysfunction. Diminished PKP2 expression has been associated with reduced con-
nexin 43 content and significant redistribution to the intracellular space [80], 
altered sodium current properties and impaired action potential propagation 
velocity [81]. These mechanisms are implicated in the structural instability of the 
cardiomyocyte junction and arrhythmogenic potential and may precede fibro-fatty 
replacement in ARVC. Connexin mislocalization resulting in significant altera-
tions in conduction- repolarization kinetics before any overt structural changes, 
have also been reported due to mutations in desmoplakin [82]. The authors pro-
vided a hypothesis for sudden deaths in pre-clinical ARVC as associated with 
adrenergic drive, contending that different mechanisms are implicated in different 
disease phases. Additionally, a preclinical phase without cardiac expression but 
predominant arrhythmogenic features (ventricular or supra-ventricular 
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arrhythmia or conduction defects) is now well recognised in the early phase of 
genetic diseases which eventually manifest with a dilated cardiomyopathy pheno-
type, such as lamin A/C and neuromuscular disorders [83].

27.4.3  Molecular Autopsy in Non-Diagnostic Structural Autopsy 
Positive SADS Cases

Hertz et al. [71] performed next generation sequencing in 52 cases of SCD victims 
in whom the autopsy revealed non-diagnostic findings of structural disease such as 
isolated LVH, increased heart weight, mild dilation of one or more chambers, mod-
erate to severe fibrosis and fatty replacements or scattered inflammatory foci in the 
myocardium. In total, 28 (54%) individuals had hypertrophy, either isolated or with 
fibrosis and/or fatty infiltration. They compared the findings with 20 cases of SCD 
in which the autopsy was diagnostic for ARVC and HCM. Potentially pathogenic 
mutations were equally distributed in cardiomyopathy (47%) and channelopathy 
(53%) associated genes. Variants in ion channel genes with likely functional effects 
were found in 8 cases with idiopathic fibrosis, fibro-fatty infiltration and/or hyper-
trophy. These findings are in agreement with a previous clinical study by Papadakis 
et  al. that compared clinical yields from familial evaluation between 163 SADS 
victims and 41 victims with post-mortem structural findings of uncertain signifi-
cance and reported similar percentages of inherited cardiac disease in the two 
groups. Ion channel disease such as LQTS and BrS were detected in these cases. 
Remarkably, an arrhythmia syndrome was identified in almost 50% of families of 
the 19 SCD cases where idiopathic LVH or myocardial fibrosis was reported at 
postmortem [40].

Although it is plausible to hypothesise that non-specific structural change could 
represent an innocent bystander not implicated in the pathogenesis of SCD, these 
data highlight the complexity and diversity in the phenotypic spectrum of inherited 
cardiac disease. Current evidence suggests that a small proportion of channelopa-
thies can also exhibit structural changes; albeit predominantly subtle and easily 
missed during autopsy. Specific RYR2 variants have been reported in patients with 
isolated fatty infiltration of the right ventricular apex [63] and even in individuals 
exhibiting an ARVC phenotype [84]. Detailed morphometric analysis for post-mor-
tem myocardial collagen identified epicardial surface and interstitial fibrosis in the 
right ventricular outflow tract of male SADS victims in families with BrS [85]. A 
DCM phenotype with cardiac dilatation and dysfunction is well recognized in the 
spectrum of SCN5A mutations [86], further enhancing the hypothesis that ion chan-
nels genes can be implicated in cardiomyopathies.

Moreover, structural cardiac disorders have been associated with higher risk of 
SCD in patients with channelopathies. Coronary artery disease is recognized as an 
independent risk factor in LQTS patients [87], whereas case studies in Japanese 
patients [88] have reported a possible contribution of myocardial ischemia in the 
pathogenesis of the characteristic Brugada electrocardiographic changes.

E. Papatheodorou et al.



773

27.4.4  Mode of Death and Yield of the Molecular Autopsy

Molecular autopsy in cases of SCD related to specific triggers has been reported to 
associate with a higher frequency of positive molecular autopsy findings. Tester 
et al. [89] found cardiac ion channel mutations (KCNH2, RYR2) in nearly 30% of 
victims with a swimming-related drowning. Anderson et al. reported a pathogenic 
mutation detection rate of 44% in victims with an exercise-related sudden death, 
using direct DNA sequencing (KCNQ1, KCNH2, and SCN5A) initially, followed by 
a 100-gene panel extracted by whole exome sequencing [70]. The overall yield was 
significantly higher among 1–10  year olds than those 11–19  years of age. 
Remarkably, only 5 of the 100 interrogated sudden death genes hosted a pathogenic 
mutation in their cohort. Comprehensive personal and family history with docu-
mentation of the circumstances of death may therefore guide the following post- 
mortem genetic testing and may improve the yields of causative gene defects.

27.4.5  Genetic and Genomic Pitfalls

WES studies have led to the identification of increasing numbers of VUS, whose 
role in the pathogenesis of SADS remains to be understood. In silico tools and 
amino acid conservation measures are unreliable as sole evidence of pathogenicity 
of a variant [30]. Clinical phenotype in surviving genetically affected family mem-
bers, demonstration of a de novo event by analysis of unaffected parents and/or 
evidence of a significant functional effect in a model system could provide more 
solid evidence in favour of pathogenicity. Indeed, these parameters are included in 
current guidelines for variant interpretation by the American College of Medical 
Genetics [38]. Given the absence of any phenotype in the proband victims, small 
family sizes and the variable penetrance of inherited arrhythmias and cardiomyopa-
thies, family co-segregation studies and phenotype-genotype correlations are usu-
ally hard to determine. Furthermore, functional studies are costly and not always 
feasible to be performed in the clinical setting. Additionally, evidence of functional 
significance of genetic variant in model systems may not translate directly into clin-
ically relevant phenotypes and thus may not be of clinical importance.

For example, rare variants have been identified in one of the three major LQTS- 
susceptibility genes (KCNQ1, KCNH2, or SCN5A) in 4% of healthy white and 
6–8% of healthy black individuals [90]. Moreover, Refsgaard et al. recently demon-
strated that a large proportion of 33 variants previously associated with LQTS are 
very unlikely to be monogenic causes of LQTS and of them, four variants (KCNH2 
P347S; SCN5A: S216L, V1951L; and CAV3 T78M) were identified in 3% of a con-
trol population [91]. Another Danish study [92] also reported a higher than antici-
pated frequency of cardiomyopathy associated variants in the general population.

Genetic studies are also expected to provide further insights into the role of com-
mon variants that have been associated with arrhythmic risk and SCD [93–95]. 
These may be prevalent variably in different ethnic groups and may modulate the 
clinical phenotype manifested by patients with inherited arrhythmia syndromes 
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[96]. Over-presentation or under-presentation of these polymorphisms in SADS 
cohorts could imply increased susceptibility to sudden death. Doolan et  al. [62] 
identified the SCN5A S1103Y polymorphism, with an expected heterozygote fre-
quency of 13% among healthy black controls and functional effects, in 33% of 
black and in 17% of Hispanic SADS victims. The drug-induced LQTS associated 
D85N-KCNE1 polymorphism was identified in 5 of 154 (3.2%, all male) white 
unexplained sudden death patients compared with the expected prevalence of 1.0% 
in the general white population. Tester et al. [37] reported a significant association 
of sleep-related deaths in otherwise pathogenic mutation–negative SADS victims 
with functional polymorphisms in SCN5A (S216L, S1103Y, R1193Q, V1951L, 
F2004L, and P2006A). Huang et al. reported a significantly higher frequency of two 
polymorphisms in the nitric oxide synthase gene (NOS1AP) in a Chinese popula-
tion of SADS victims [97].

It is justifiable therefore to hypothesise that a spectrum of genomic variation 
ranging from common genetic modifiers and potentially pathogenic mutations 
impacts upon SADS risk. These variants need to be interpreted with caution given 
the dramatic consequences of potential “false-positive results”. Further analysis of 
intronic and untranslated regions of genes associated with SADS, currently largely 
unexplored, should provide information on other potential genetic interactions.

27.4.6  The role of the Molecular Autopsy: Expanding 
and Evolving

Current international consensus statements [29, 77] recommend a comprehensive or 
targeted (RYR2, KCNQ1, KCNH2, and SCN5A) ion channel genetic testing espe-
cially in the presence of highly specific indicators of a clinical diagnosis of LQTS 
or CPVT such as emotional stress, acoustic trigger or drowning in the circumstances 
of death (class IIA recommendation). In total, molecular autopsy has been reported 
in over 800 SADS cases so far, with a reported yield of 0–29% (Table  27.4). 
Mutations in the main ion channel genes implicated in LQTS and CPVT have been 
identified in up to 25% of the SADS victims although the actual yields seem lower 
in population based studies and stringency of variant calling. Although yields of 
rare variants are higher when including other genes, clear pathogenic variants are 
relatively rare.

Thus the molecular autopsy, especially in the WES era, has become a potent tool 
for investigating the genetic basis of SADS. In the future it may identify novel loci 
and genes involved in arrhythmogenesis and thus provide critical insights in the 
pathogenesis of SCD. Large-scale prospective population studies involving geno-
type–phenotype correlation and analysing genomic data are necessary to improve 
understanding of the complex and diverse aetiology of sudden arrhythmic death and 
the role of common and rare variation in cardiomyopathy and other ‘minor’ chan-
nelopathy genes. A multidisciplinary approach, involving expert cardiac pathology, 
thorough and extend cardiac evaluation of SADS relatives in specialist centres and 
molecular autopsy with close cooperation of forensic pathologists, clinical genetics, 
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and cardiologists is indispensable in the appropriate clinical evaluation and counsel-
ling of those left behind.

Learning and Key Points

• A cardiac autopsy should be performed in every victim of unexpected sudden 
death. Blood and/or suitable tissues should be stored during the autopsy for sub-
sequent genetic analysis when a cause of death is not identified or suspected to 
be heritable.

• Expert cardiac pathology is indispensable in the assessment of SADS and can 
differentiate pathological from normal findings.

• Autopsy findings of uncertain significance such as idiopathic fibrosis or idio-
pathic left ventricular hypertrophy should be interpreted accurately and treated 
as SADS.

• Systematic and comprehensive cardiological evaluation for surviving first-degree 
relatives is imperative in determining the cause of death, in guiding the genetic 
investigation in the family and in providing co-segregation information for 
appropriate genotype-phenotype correlations.

• Molecular autopsy is a complementary diagnostic tool providing useful genetic 
information regarding the pathogenesis of SADS.  Cautious interpretation of 
genetic variants of unknown significance is critical.
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Abstract
The genetically determined cardiomyopathies and arrhythmias are usually 
inherited as autosomal dominant traits with a wide range of inter- and intra-
familial clinical variability concerning age at onset, penetrance, degree of 
symptoms and risk of cardiac death. In addition they are all characterized by 
extensive genetic and allelic heterogeneity. It has become obvious that molecu-
lar testing in clinical practice has an important impact on the management of 
patients and their families. With the introduction of high throughput sequencing 
(HTS) platforms, which allow simultaneous screening of a large number of 
genes, the time and the cost of DNA sequencing has been greatly reduced. 
Molecular testing of inherited cardiac disorders is now performed routinely in 
diagnostic genetics laboratories.
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28.1  Introduction

The genetically determined cardiomyopathies and arrhythmias are usually inherited 
as autosomal dominant traits with a wide range of inter- and intra-familial clinical 
variability concerning age at onset, penetrance, degree of symptoms and risk of 
cardiac death. In addition they are all characterized by extensive genetic and allelic 
heterogeneity. It has become obvious that molecular testing in clinical practice has 
an important impact on the management of patients and their families. With the 
introduction of high throughput sequencing (HTS) platforms, which allow simulta-
neous screening of a large number of genes, the time and the cost of DNA sequenc-
ing has been greatly reduced. Molecular testing of inherited cardiac disorders is 
now performed routinely in diagnostic genetics laboratories.

HTS technology can be used in different ways. Many diagnostic laboratories 
offer “targeted gene panels”, in which there is a focus on a set of genes known to be 
associated with specific cardiac disorders. Others provide whole exome sequencing 
(WES) which covers almost all protein-coding sequences or even whole genome 
sequencing (WGS) that includes nearly all non-coding sequences as well. Targeted 
gene panels have been shown to generate results identical to Sanger sequencing and 
have the advantage of being faster and cheaper with a better coverage and sensitivity 
than WES and WGS [1, 2]. Although WES and WGS make it possible to perform an 
unbiased search for mutations in all human genes, this approach may be less appro-
priate for routine diagnostic purposes as not every part of the coding sequence is 
sufficiently covered, which may lead to false negative results. In addition, issues 
related to management of the huge amount of data generated by WES and especially 
by WGS remain to be solved before these approaches are suitable for routine use in 
a clinical setting [3]. In this context, special attention also has to be paid to inciden-
tal findings, which are results that are not related to the indication for ordering the 
investigation but that may nonetheless be of medical value or utility to the ordering 
physician and the patient.

Given both the complexity of the genetics of the inherited cardiac disorders and the 
new challenges of HTS technologies, highly sensitive and competent genetic counsel-
ling, including the provision of information and support for decision making to enable 
consent, are essential components of the genetic testing process [4–6]. In this chapter 
we will highlight some of the challenges encountered in clinical practice.

28.2  Clinical Cardiac Genetics

Clinical cardiac genetics has established itself as the joint activity of two subspe-
cialties, i.e., of cardiologists focusing on inherited cardiac disorders, and clinical 
geneticists and genetic counsellors working with families affected by cardiac condi-
tions. The joint working of these two groups can be to the great benefit of patients 
and families, especially where they coordinate their activities and come together to 
discuss cases. Occasionally, when an MDT clinic has been established, they may 
see patients jointly.
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Two features of inherited cardiac disorders create the “perfect storm” for difficult 
clinical and family scenarios. First, some of these disorders can result in sudden 
cardiac death at a young age, so that the distress—the sadness caused by these 
deaths, and the fear that more deaths may occur—can be especially marked. The 
risk of further deaths can hang over an entire extended family. Secondly, while 
genetic testing for variants in genes that contribute to inherited cardiac disorders is 
available, the interpretation of test results can be especially difficult and the reinter-
pretation of previously reported results has proven necessary rather too often for 
complacency about the process and worth of testing. More will be said about both 
these aspects of clinical cardiac genetics.

In this chapter, we examine some of the social and ethical difficulties that arise 
in relation to inherited cardiac disorders from a perspective informed by what has 
been learned assessing patients and managing families with these conditions and 
other genetic disorders.

28.3  The Inevitability of Uncertainty

One of the most difficult challenges in clinical cardiac genetics is how to manage 
the disclosure and follow-up of a variant of uncertain significance (VUS), especially 
in families with a history of sudden cardiac death (SCD). As most laboratories tend 
to screen for many genes, the probability of identifying a VUS is quite high [7]. 
Although there are no published European guidelines, many laboratories report the 
VUS, especially if they are found in genes well-established as causing disease. 
Depending upon the details of the consent provided in advance of testing by the 
patient, the clinical geneticist or cardiologist may or may not disclose the VUS. A 
problem may arise, if the doctor who ordered the molecular test did not inform the 
patient properly before testing about the range of different possible results. In these 
situations, the patient may feel disappointed or even disturbed. If the patient was 
correctly informed beforehand, he/she will usually not be so surprised but may still 
be disappointed. As some patients consent to molecular testing specifically to enable 
their relatives and especially their children to have predictive testing, they may be 
quite disappointed, as there is a general consensus that a VUS should not be used for 
predictive testing.

In families with several affected persons, cosegregation analysis may provide 
strong evidence for causation. However, in case of a de novo VUS in a sporadic 
case, the uncertainty remains. Even in the case of an inherited VUS carried by a 
clinically unaffected parent, the uncertainty remains, as most inherited cardiac dis-
orders and especially the cardiomyopathies show incomplete penetrance and/or a 
late age of onset of symptoms. Thus, the identification of a VUS changes nothing in 
the clinical follow-up of the affected patient and of his/her relatives, as they have to 
continue the regular cardiac monitoring. It is however important to report the VUS 
to clinical databases like ClinVar in order to advance genetic knowledge. It is also 
important to interrogate the databases regularly, in case the VUS can be reassigned 
as more definitely pathgenic or benign. There are no guidlines about how often this 
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should be done and the laboratories are not “obligated” to do so; however, if the 
interpretation of a variant has changed it is recommended to issue a new report to 
the referring physician, who should then inform the patient. The most efficient way 
to follow the development of knowledge of a VUS is probably to reevaluate the vari-
ants at the regular clinical follow-ups of the patient.

Even more challenging is the identification of a VUS in a gene which so far 
has not been associated with the cardiac phenotype of the patient, for instance a 
VUS in the MYBPC3 gene in a young patient with clear long QT syndrome and 
normal echocardiography. Further discoveries about the variant may reveal that 
it finally represents a benign variant, or a definitely or likely pathogenic variant 
associated with cardiomyopathy, or finally that the spectrum of phenotypes asso-
ciated with MYBPC3 variants has enlarged and also includes long QT syndrome. 
As long as the situation has not been clarified, the patient will be monitored for 
his long QT syndrome and probably also by regular echocardiography for an 
eventual cardiomyopathy.

As the detection rate for a pathogenic or likely pathogenic variant varies a lot 
between the different inherited cardiomyopathies and arrhythmias, and as it does 
not exceed in the best scenario the rate of ≈80% (example reflecting the situation of 
long QT syndrome), the question of reviewing those families with a negative molec-
ular test result has to be addressed. Although these situations are quite common, 
there are so far no guidelines on how to best manage them. The same approach may 
be valuable for the re-evaluation of the pathogenicity of other variants. Most labo-
ratories transmit the responsibility to recontact the laboratory in 2–3 years time to 
the referring physician, and this advice may or may not be followed. In cardioge-
netic expert centers where the cardiologist, clinical geneticist and molecular biolo-
gist work closely together, negative molecular results as well as previously reported 
variants are usually reviewed at the regular multidisciplinary clinical follow-up, 
which may be once a year. These families are therefore automatically “updated” 
concerning recent progress in knowledge of variant interpretation and/or concern-
ing new genes which it may be useful to analyse. It is well known that severely 
affected patients, especially patients with severe hypertrophic cardiomyopathy, may 
carry more than one pathogenic variant. It is therefore important to address the 
question of screening in the extended families of those who have already had a clear 
result with “only” a single pathogenic variant identified. This option should espe-
cially be discussed when the molecular analysis has been performed a long time ago 
and with a restricted molecular testing approach (often a rather small gene panel). 
Therefore, for optimal counselling and clinical management of patients and their 
families, it is essential to work as a team, ideally in expert centers. This facilitates 
multidisciplinary case discussion and the constant review of the indication for 
genetic testing, counselling strategies and interpretation of sequencing results.

The simultaneous molecular analysis of all known genes responsible for the dif-
ferent subtypes of inherited cardiomyopathies and/or arrhythmias raises the possi-
bility of identifying a class 4 or 5 variant in a gene which is not thought to be a good 
match for the clinical phenotype of the patient. This is illustrated by the following 
situation:
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A young man, of 22 years, who had been diagnosed at the age of 16 years with 
left ventricular dilated cardiomyopathy, underwent molecular analysis for 65 genes 
responsible for all subtypes of inherited cardiomyopathies. His family history was 
unremarkable for cardiac problems. Both parents (the father 52 years old, the mother 
51 years) and his younger sister had cardiac monitoring with normal echocardiog-
raphy. We found a novel nonsense class 4 variant in the Desmoplakin gene (DSP), 
which has been thought usually to cause ARVD. However, some reports have shown 
that desmosomal genes may also be associated with DCM [8, 9]. This molecular 
result illustrates the well known heterogeneity and clinical overlap of cardiomyopa-
thies which may surprise the cardiologist as well as the patient and his family. It is 
therefore very important to mention this phenomenon before molecular testing of 
large panels of cardiomyopathy and/or arrythmia genes. Usually, the cardiac pheno-
type is then re-evaluated and the diagnosis may need to be reconsidered, especially 
in young patients where the full cardiac phenotype may not yet be visible. 
Interestingly, DSP variants seem to be associated with left ventricular involvement 
in ARVD [10]. The patient did not wish that his parents, who both had normal car-
diac monitoring, be tested for the same variant as he did not want them to feel guilty 
for his cardiac disease. After some time for reflection, the parents finally underwent 
predictive testing as they wished to know whether it would be important for them to 
inform other family members. The results showed that the father carried the same 
variant. Penetrance of mutations in DSP is generally no higher than 50%. Thus, it is 
not surprising that cardiac monitoring of the 52 year old father was normal and, 
fortunately, it is rather unusual to develop ARVD after 50 years of age. It is nerver-
theless not easy to cope with such a result. The healthy younger sister (20 years) 
now had a 50% risk of carrying the same variant. She quite quickly wished to know 
her DSP genotype which, again fortunately, was normal.

28.4  Family History and the Family Dimension

The understanding of “heart disease” in most families with an inherited cardiac 
disorder starts from the same point as in the rest of the population, with an aware-
ness that heart disease is potentially fatal and that it can “run in families.” In the 
more usual and familiar types of heart disease, especially coronary artery disease, 
there is often a recognition that individuals’ own behaviors contribute to their health 
or their pattern of disease. Fieldwork in South Wales during the late 1980s revealed 
the widespread currency of ideas about the type of person who would be at risk of 
heart disease—the “coronary candidate”—existing alongside the contrary notions 
of luck, fate, destiny, and chaos [11, 12], which were reinforced by the observation 
of counter-examples of individuals whose state of health or disease contradicted the 
messages of health promotion campaigns. Such simultaneously held but essentially 
incompatible perspectives can become impregnable systems of belief, allowing 
adherents to account satisfactorily for any observed pattern of events without their 
beliefs about heart disease being challenged by cases of, for example, obese smok-
ers living to a ripe old age, succumbing neither to coronary artery disease (CAD) 
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nor to lung cancer. Subsequent work in Scotland has emphasized the extent to which 
gender has also long been seen within popular culture as relevant to the risk of heart 
disease, with men understood to be at higher risk [13].

Health professionals wish to make use of family history information to identify 
those at increased risk of serious health problems. If the genome sequence of the 
whole population were known from birth, and if this sequence information could be 
interpreted with confidence, then there might be little reason to gather family his-
tory information. However, in our present, imperfect state of knowledge, a signifi-
cant family history of serious disease will often indicate those who are at increased 
risk of the same or a related disorder. In the field of cancer genetics, a family history 
of specific cancer types can provide a very useful way of identifying those most 
likely to benefit from surveillance for early signs of disease or, in some cases, pri-
mary disease prevention. It can indicate those at increased risk of disease, who are 
most likely to benefit from more detailed clincal assessment and genetic investiga-
tion. This can be understood as sifting out the individuals at high, essentially 
Mendelian, risk of disease from all the rest—those who have been affected through 
a combination of weaker contributing factors, including Gene-x-Environment inter-
actions, whose relatives may be at slightly above average risk but not at high risk.

The family history information of relevance to cardiac disease includes not only 
information about relatives who suffered from easily recognised cardiac symptoms 
(e.g., angina, “heart attacks,” or sudden cardiac death), but also those with stroke or 
with loss of consciousness (including a label of epileptic seizures) or primarily 
respiratory symptoms such as shortness of breath on exercise or at night. Research 
into the popular understanding of family history has shown that many lay (non- 
health professional) individuals think very differently from informed health profes-
sionals about “having a family history of heart disease.” A family history may not 
be attributed any significance by the individual unless several close relatives have 
been affected, and the relevance may be discounted if the individual sees himself or 
herself as being different from the affected person/s in some crucial respect/s [14]. 
Most cardiac risk factors, such as obesity, hypercholesterolemia, or hypertension, 
may not lead to symptoms until a serious or fatal event occurs. The asymptomatic 
individuals may therefore regard themselves, comfortingly, as not being at increased 
risk, when professionals might prefer not to give such reassurance. Similar factors 
operate even for many with cardiac symptoms, who delay seeking medical attention 
or deny that the symptoms are cardiac. Inadequate access to services is another fac-
tor that can lead to a failure to access services in the context of unmet health needs, 
which can excerbate social inequities in health [15].

Enquiries into the family history of heart disease in primary health care can be 
awkward, with professionals not always feeling sufficiently confident to integrate the 
family history into the context of other risk factors [16]. Professionals in U.K. primary 
health care are more familiar with collecting and interpreting family history informa-
tion concerning breast and bowel cancer, for which they have been referring patients 
appropriately for specialist genetic assessment for two decades [17]. Their confidence 
may improve in relation to heart disease as the cardiac family history comes to be 
recorded more frequently and as referral guidelines are developed and promulgated.
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An additional practical problem that may arise within some jurisdictions is that 
of legal restrictions placed upon the collection and storage of information from 
individuals about their relatives, or at least the self-fulfilling assumption (on the part 
of health professionals) that such restrictions exist. Such data protection legislation 
has usually been motivated by a desire to allow individuals effective control over the 
information held about them by commercial or other organizations but may be 
unhelpful if applied too rigidly within the context of health care. If I believe that my 
Aunt Mabel is affected by a condition X or Y, and I pass that “information” to my 
physician, is that information mine (I am reporting my belief) or does it belong to 
my aunt (as the person about whom the belief is held)? Does the physician have an 
obligation to check the accuracy of the information? If the information is kept in my 
medical records and not linked to Mabel’s, does that make a difference? There are 
clearly some tangled issues here that may require unscrambling [18]; these issues 
will become very much more complex as the feasibility of linking the electronic 
patient records of family members becomes greater [19]. Family histories of cancer 
can be checked quite readily within the United Kingdom (UK), without the need to 
obtain consent from multiple members of each family, because of the established 
system of cancer registries. Should similar systems be put in place for other disor-
ders, including cardiac disease? Within countries where health care is organised 
through private systems, or multiple provider insurance-based systems, how readily 
is information pooled to the best advantage of all concerned?

There is another approach to these issues, which has the virtue of treating family 
situations equitably, whether or not the condition is one where specific information 
about the mutation in that family would be required for genetic testing to be most 
effective or at least most efficient. This is to distinguish between the fact of the 
genetic disease being present in the family and the precise nature of that family’s 
mutation. Simply knowing that person X has disease Y is sufficient to make genetic 
testing available to all who want it in some contexts, but in other contexts it is neces-
sary (or at least very helpful) to know the precise mutation. Knowing that one per-
son has Huntington’s disease (HD) or a chromosome translocation would usually be 
sufficient for family members to have testing, while knowing that a relative has 
Duchenne muscular dystrophy, cystic fibrosis, or a susceptibility to breast cancer 
may not be enough. The major Mendelian cardiac disorders are more complex than 
those other conditions, being genetically heterogeneous at the level both of the locus 
and of the mutation; it is therefore important in these diseases to identify the muta-
tion in an affected individual before carrying out predictive testing on an unaffected 
relative. By treating as fully confidential the diagnosis in the affected individual, 
family members will only become aware of this if the patient chooses to release that 
information to them: it is the diagnosis that is confidential. Once that information is 
known in the family, it may be helpful to regard the mutational basis of the condi-
tion as information that is not an essentially personal item but rather belongs to the 
laboratory or the health care system, or perhaps to the family, but not solely to the 
single patient. On this understanding, knowledge of the gene locus and the precise 
mutation should be available for use by the laboratory to test other family members 
without specific consent from their affected relative [20].
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In addition to these questions of information, there may be practical and/or legal 
restrictions upon access to DNA or tissue stored from deceased family members. 
The Human Tissue Act in England and Wales introduced systems for regulating 
access to banked DNA samples for genetic testing and to stored tissue that might be 
required for pathological analysis of any sort. This has placed a regulatory burden 
that is sometimes seen as unduly onerous, an obstacle to both research and clinical 
practice. The situation in other countries varies widely, even within Europe.

28.5  Molecular Genetic Diagnostics of Inherited Cardiac 
Disorders

Before considering some of the major inherited cardiac disorders individually, we 
will address some of the difficulties of interpretation of genetic variants found using 
Next Generation Sequencing (also known as High Throughput or Massively Parallel 
Sequencing). There are five principal categories of disease encountered in the car-
diac genetics clinic:

 1. The inherited cardiomyopathies (CMPs), especially hypertrophic cardiomyopa-
thy (HCM) but also including dilated CMP (DCM), restricive CMPathy (RCM), 
left ventricular non-compaction cardiomyopathy (LVNC) and arrhythmogenic 
right ventricular dysplasia (ARVD).

 2. The inherited dysrhythmias, including mainly the long QT syndromes, Brugada 
syndrome and more rarely catecholaminergic polymorphic ventricular tachycar-
dia (CPVT) [164].

 3. Congenital heart disease, as an isolated phenomenon or as part of a chromo-
somal or syndromic disorder. This sometimes requires life-long medical supervi-
sion. In most centres, specific consultations for the cardiac follow-up and 
assessment of adults with congenital heart malformations have been established. 
The adult cardiac phenotypes of some congenital disorders and the risk of recur-
rence in the children of affected individuals are both becoming clearer as sur-
vival into adult life improves. The cognitive limitations of some affected adults 
mean that both compliance with medical advice and consenting to procedures 
and interventions can generate problems in clinical practice.

 4. The inherited connective tissue disorders, especially Marfan syndrome and other 
rare disorders of the thoracic aorta that lead to aneurysm, like Loeys–Dietz syn-
drome or the vascular type of Ehlers–Danlos syndrome, remain an important ele-
ment in cardiovascular genetics. Continuing developments in drug therapy, 
imaging, and surgery require that affected individuals should have access to spe-
cialist cardiac assessment; local factors will determine whether this is best arranged 
through the cardiac genetics clinic or a separate, specialist cardiac service but the 
multiple medical, surgical, and psychological needs of those with Marfan syn-
drome mean that a purely cardiac clinic is not sufficient to meet their needs.

 5. Coronary artery disease (CAD) and the familial forms of hypercholesterolaemia, 
which predispose to CAD [163, 165].
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The disease contexts that cause most distress for families, anxiety for profession-
als and uncertainty for all concerned, are the inherited cardiac conditions that can 
lead to sudden cardiac death in young adults or even children. The large majority of 
sudden cardiac deaths in adults are caused by coronary artery disease (CAD) and in 
only about 4% of sudden unexplained cardiac deaths in the community is the heart 
structurally normal [21, 22]. Experience from a major referral centre in the United 
Kingdom [23] showed that almost 60% of the 453 hearts examined postmortem of 
individuals aged >15 years without atherosclerosis were structurally normal but that 
23% showed features of cardiomyopathy or right ventricular dysplasia and >15% 
showed other definite pathologies. These studies highlight both the need for and the 
scarcity of the specialist cardiac pathology services, including histopathology, that 
are required for health services to deal appropriately with the surviving family 
members of young adults who have died suddenly and whose relatives may be at 
high risk of a similar fate.

Such accounts written by pathologists make poignant reading for clinicians who 
meet with the families of the deceased. A typical scenario would be the grieving 
young mother, whose husband has recently died without any warning—perhaps on 
the sports field—and who has two young children, both potentially at risk of serious 
cardiac pathology that could cause problems at any stage of life. She may find it 
difficult to communicate with her deceased husband’s family, who are themselves 
also in shock, but whose cooperation may be necessary for the adequate assessment 
of any risk to the children. Without a firm diagnosis in the deceased, it is difficult for 
the cardiologist or clinical geneticist to deal satisfactorily with the family. A normal 
cardiac examination and ECG give little reassurance to the clinician in these cir-
cumstances even if it temporarily satisfies the family. The legal system in many 
countries is only interested to determine whether a death was natural or otherwise, 
and pursuing the investigation beyond that point can be expensive so the coroner 
may be unwilling to authorise additional expenditure. At least in England and 
Wales, the coroner is now able to arrange for the taking of tissue samples that can 
be stored and made available, perhaps years later, if the family chooses to look fur-
ther into the cause of death.

It has become clear from several series of “molecular autopsies” that simple 
genetic investigations will identify the likely cause in about one third of cases of a 
sudden cardiac death in a child or young adult [24–26], or even of an infant [27]. 
This means that a likely or definitely pathogenic variant will be found in at least one 
gene in which mutations are already known to be implicated in sudden cardiac 
deaths.

While variants in many gene loci have been identified as pathogenic—causing a 
cardiomyopathy or a dysrhythmia, for example—there remains much uncertainty in 
the interpretation of sequence variants in these genes [4]. Many variants once 
thought to be definitely pathogenic have subsequently been found at levels in the 
population too high for them to be credible as causes, in isolation, of a transmissi-
ble, Mendelian cardiac disorder. This has especially been shown for long QT syn-
drome. Indeed, it is easy to over-interpret any departure from the ‘standard’ gene 
sequence. One consequence of this complexity, that makes it difficult to interpret 

28 Specific Issues in Cardiovascular Genetic Counselling



790

the pathogenicity of a gene variant without very careful study, is to make clinicians 
cautious in the interpretation of exome analyes (or, a fortiori, whole genome 
sequencing) because they will uncover variants in “relevant” genes whose signifi-
cance may be very difficult to determine.

If the proband in a family survives a near-fatal cardiac event, or presents with 
cardiac symptoms such as syncope, dyspnea, angina, or palpitations, the chance of 
attaining a clear diagnosis is much greater and the level of family distress will often 
be much less. It is then possible to approach the investigations more calmly and 
more efficiently. However, the former, more difficult circumstances, following a 
sudden cardiac death in a young adult, provide the most difficult cases both diagnos-
tically and interactionally. It is these cases that set the ethos of the developing 
subspecialty.

28.6  Patient Experiences

In this and the following sections, we include some comments made by patients and 
families about their experiences of the cardiac genetics service.

A 41-year-old lady who had heart transplantation at the age of 32 years because 
of early onset (2 years) severe familial HCM (her father died from heart failure at 
the age of 43 years) said:

“My mother did her best but it was very difficult and at the time nobody offered psychologi-
cal support for the family, which really should have been seen as necessary. I remember it 
was so hard to see my mum suffering that I forbade her to come to the hospital, which of 
course was a catastrophe for her but for me it was survival. This was really bad… you know 
how crucially important the emotional side is with the heart and the problem is different for 
the patient, the mother, and the healthy brothers and sisters. I think that something has to be 
done here.”

Preparing an individual to think through decisions about testing and perhaps hav-
ing to confront an adverse result can be demanding on staff—on their time and their 
emotional energy—as can be the provision of intensive emotional support after a 
result [28]. Cardiologists are necessarily involved very closely in these clinics but 
do not usually have the time or the full set of knowledge and skills to conduct these 
clinics without genetics support [29]. They are also less familiar with managing 
those at risk but without symptoms, who are entirely “well”.

A mother who lost her 17-year-old son from sudden cardiac death caused by 
ARVD said:

“It is true that a team with a cardiologist, a geneticist, and a psychiatrist is ideal. When we 
asked questions of our cardiologist about genetics he could not answer. When he then had 
your [clinical genetics] letter he was very grateful and said that then he knew something. So 
it is true that a multidisciplinary approach is essential.

I think the most important thing is to take time. You took the time. We did not have the 
impression of being here for only half an hour; what can you say in half an hour? You took 
the time to discuss with us, to listen to us, it’s true that sometimes it was very long but it is 
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really very important. It was especially important when the question arose of predictive 
testing in our son. It was not only to do the blood sampling but he had to ask himself, ‘What 
am I going to do with this, what does it mean, what will be the consequences?’ and then he 
has the choice.”

It is also possible for cardiac-trained nurses to participate in these clinics along-
side and complementing the genetic counsellors [30].

Another issue to be considered is insurance, especially the potential conse-
quences for obtaining life and health insurance. The possibility of adverse conse-
quences for obtaining insurance is likely to be at least as difficult a problem in 
cardiac genetics as it has become in relation to HD and familial cancers [31, 32].

28.7  Specific Clinical Considerations

In this section specific issues in major clinical groups of inherited cardiac diseases 
are examined.

28.7.1  Inherited Cardiomyopathies

The European Society of Cardiology adopted a clinically oriented classification of 
cardiomyopathies (CMs) into specific morphological and functional phenotypes 
with a subclassification into familial and nonfamilial forms (Fig. 28.1; [33]). The 
most common CM in clinical practice is HCM with a prevalence of 1  in 500, a 
prevalence similar to familial hypercholesterolemia (FH). Dilated cardiomyopa-
thies (DCM) are important but less frequent and less frequently inherited. Some 
25–50% of DCM patients in Western populations have evidence for familial disease 
with predominantly autosomal dominant inheritance [34] and the counselling issues 

Cardiomyopathies

HCM

Familial/Genetic Non-familial/Non-genetic

Unidentified
gene defect

Disease sub-type* Disease sub-type*Idiopathic

DCM ARVC RCM Unclassified

Fig. 28.1 Reprinted from Elliott et al. Classification of the cardiomyopathies: a position state-
ment from the European Society of Cardiology Working Group on Myocardial and Pericardial 
Diseases. Eur Heart J. 2008;29(2):270–276, with permission
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are complex [35]. The exact prevalence of restrictive cardiomyopathy (RCM) and of 
left ventricular non-compaction cardiomyopathy are unknown but these are proba-
bly the least common types of CM. RCM may be idiopathic, familial, or result from 
various systemic disorders, in particular amyloidosis, sarcoidosis, carcinoid heart 
disease, or scleroderma and has always been difficult to define [33]. Finally, arrhyth-
mogenic right ventricular dysplasia (ARVD), is rather uncommon (1:5000) but a 
frequent cause of sudden cardiac death in young people.

In this section we will focus on HCM, not only because of its frequency but also 
because so far it is the best studied cardiomyopathy from a genetic and molecular 
point of view and it represents the major cause of sudden death in the young and in 
athletes [36].

The proportion of those who develop cardiac problems (either symptoms or sud-
den unexpected death) before 70–75 years is substantial but uncertain and lower 
than has been reported from highly selected clinic populations [37, 38], as is true for 
other inherited disorders subject to ascertainment bias (e.g., BRCA1 and BRCA2 
mutation carriers). The prevalence of those with overt disease is of course lower 
still. The diagnosis and management of HCM is evolving [39] but the prognosis 
given to patients and families in clinic may sometimes be more pessimistic than is 
warranted because of this bias in publications toward the reporting of subgroups 
with a higher rate of sudden death and other serious complications; the extent of 
incomplete penetrance is still being evaluated but seems to be greater for disease- 
associated mutations at some loci than others.

As our awareness of the clinical uncertainties increases, our interpretation of 
molecular genetic variation has had to become more sophisticated. The mutation 
detection strategies employed to screen patients for disease-associated mutations are 
improving as high-throughput DNA sequencing methods are introduced into clinical 
practice [40]. The yield (sensitivity) of mutation screening is therefore improving but 
the interpretation of some identified variants remains difficult; when can a novel vari-
ant safely be assigned the blame for causing the disease in a family? Clarifying such 
results can require further intensive family studies or technically challenging and 
time-consuming molecular functional studies. When mutation screening is discussed 
with families, they need to be aware that the results of a family study may give suf-
ficient confidence that predictive testing becomes feasible but, equally, they may fail 
to do this: they may disprove pathogenicity of the suspect variant or they may simply 
not generate enough new information to be decisive. Once a pathogenic or likely 
pathogenic variant has been identified in a kindred, the offer of testing family mem-
bers for the known variant is usually less likely to cause confusion but can still pres-
ent asymptomatic individuals at risk with complex challenges.

The need for caution in the interpretation of the significance of molecular results 
has been reinforced with several recent publications. Das et al. [41] showed that the 
reassessment of results previously reported to patients was necessary as the inter-
pretation of several HCM-related genetic variants had changed over a few years, 
with some likely pathogenic results being reinterpreted as benign and vice versa. 
The scale of this need for reassessment is substantial, as emphasised in a major 
study from Walsh et al. [42], who drew on exome data from the ExAc Consortium 
to show that there were many false claims of variant pathogenicity and some 
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instances of overly cautious under-interpretation of pathogenic variants as being of 
uncertain significance. There are several systematic difficulties in this area includ-
ing the under-representation of ethnic minorities in available population exome 
databanks, leading to the over-interpretation of low frequency benign alleles in 
some population groups as pathogenic because the greater allele frequency in the 
minority population had not been appreciated [43].

Furthermore, the scope for intersection between variants at different loci is only 
now becoming clear. In the past, when Sanger sequencing was used, the search for vari-
ants in candidate genes would often cease once a plausible pathogenic variant had been 
found. Now, with large gene panels and exome analyses being used, it is becoming 
clear that variants in two or more relevant genes may be found, with perhaps one major 
variant “causing” the disease and another variant acting as disease modifier [44]. There 
is much more to be learned about these processes and mechanisms of disease. In our 
present state of understanding, however, it can be helpful to limit the information with 
which we are presented by the diagnostic laboratory. Thus, the use of focused panels of 
HCM-related genes may be more helpful than the use of large “cardiac gene panels” 
(whether “genuine” panels, when sequence is only generated from genes on the panel, 
or “virtual,” when exome sequencing is performed but only genes known to be relevant 
to the phenotype are included in the sequence analysis) or a full exome [45].

The difficulty of giving an accurate prognosis in this clinically and genetically 
very heterogeneous condition, and the overestimation in published series of the risk 
of cardiac disease because of ascertainment bias, need to be discussed openly with 
those who may be at increased risk. Exaggerated risk estimates could lead some to 
reject genetic testing who might otherwise benefit from it either medically or psy-
chologically. The questions posed by families seem, however, in the limited pub-
lished experience, to focus more on predictive testing and reproductive risks than on 
the information volunteered by professionals, especially the details of diagnosis and 
prognosis [46].

In one study of families with a known pathogenic mutation, the uptake of predic-
tive testing among at-risk relatives who attended for genetic counselling was very 
high while the proportion of at-risk first-degree relatives who attended the genetics 
clinic within 12 months of a mutation being identified in the family (making a pre-
dictive test available) was less than 40% [47]. The authors concluded that efforts 
must be made to increase the uptake of genetic counselling. Care must be taken, 
however, not to achieve a higher rate of clinic attendance through offering better 
treatment or greater certainty in the interpretation of molecular test results than can 
be justified on the evidence. Rather than the problem being one of family ignorance, 
it may be that ambivalence about the treatments on offer, including implantable 
defibrillators, may contribute to this shortfall. Another reason may be that only rela-
tives already actively seeking a predictive test attend the genetic counselling clinic 
and those who prefer not to know have no interest in coming.

It would clearly be very important that the relatives at risk are well informed 
about the aims of the genetic counselling clinic. They should know that the genetics 
consultation would aim to provide a session of information put into a realistic con-
text that can support their making the decision whether or not to proceed with a 
genetic test, and that there is no obligation to accept testing when they attend the 
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clinic. It is clear that further research is required in several domains: to develop 
improved treatments, to describe the experiences of patients and families from their 
own perspectives and so to make these descriptions more accessible to profession-
als, and to explore with families the factors affecting the acceptability of those 
genetic tests and those treatments that are available.

28.7.2  Long QT Disorders and Brugada Syndrome

The genetic dissection of the long QT disorders, and their relationship to the epilep-
sies and other channelopathies, has been a fascinating story of scientific progress over 
the two decades from 1995. This progress and its clinical applications were carefully 
set out in a consensus report from the U.S. National Heart Lung and Blood Institute, 
moving on from a focus on the ion channels themselves to the macromolecular signal-
ing complex of which it is a part and whose disruption leads to a dysrrhthmogenic 
cardiomyopathy [48]. The clinical application of this genetic knowledge has shown 
that the factors likely to trigger a dysrrhythmia (loud noise, swimming, other strenu-
ous exercise, sleep/rest) differ as between the different gene loci involved [49]. It has 
also been shown that ethnic background and variation at other loci can influence the 
frequency and severity of symptoms caused by the same disease-associated mutation 
within one gene—the A341V mutation in the KCNQ1 locus [50] and other mutations 
are known to cause different phenotypic effects even in different members of the same 
family. Attempts have been made to relate variation in a particular gene to survival; 
how this interacts with gender and the duration of the QT interval have been studied. 
The authors proposed a scheme for risk stratification among patients with LQTS 
based on the gene mutated (LQT1, LQT2, or LQT3), QT measurement and sex. The 
risk categories were high (>50%), intermediate (30%–49%), and low (<30%). A first 
cardiac arrest or SCD was highest among female patients with a mutation in the LQT2 
gene and male patients with a mutation in the LQT3 gene. As in HCM-related genetic 
variation, the cosegregation of two disease-associated mutations within a family can 
also occur, sometimes in different genes, causing unusually severe disease in those 
family members who inherit both mutations [51].

Brugada syndrome is said to be responsible for up to 12% of all sudden deaths 
and approximately 20% of deaths occurring in patients with structurally normal 
hearts. The mean age of SCD is approximately 40 years. Clinical presentations may 
also include the sudden infant death syndrome (SIDS) [52] and the sudden unex-
pected nocturnal death syndrome, a typical presentation in young individuals from 
Southeast Asia [53]. An implantable cardioverter-defibrillator (ICD) is essentially 
the only recommended form of therapy as drugs are mostly ineffective.

Brugada syndrome and LQTS can both be caused by defects in the SCN5A gene. 
In general, those SCN5A mutations implicated in LQT3 cause gain of function of 
the ion channel, whereas the ones implicated in the Brugada syndrome cause a loss 
of channel function [54]. However, mutations that are associated with both diseases 
have been described in the same family, supporting the concept that these two dis-
orders are part of a spectrum of “sodium channelopathies” [55].
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Substantial progress has been made in understanding the basic science of these 
conditions—the molecular genetics and the electrophysiology—and on the manage-
ment of cardiac risk in family members. However, the interpretation of variants in 
relevant genes has had to undergo very substantial reassessment over the past few 
years. A detailed report has been published of the experience of one kindred, in 
which a variant in KCNQ1 had been misinterpreted as pathogenic. Many family 
members were thought to be at high risk of sudden cardiac death, with one even hav-
ing a defibrillator implanted that, in hindsight, was unnecessary. Intensive molecular 
sleuthing showed that the cause of cardiac death in a family member had been a 
pathogenic variant in a different gene, and the KCNQ1 variant was shown to be 
benign [56]. This salutary tale has served as lesson to many practitioners, and is rein-
forced by the difficulty demonstrated recently of interpreting the pathogenicity of 
variants in SCN5A and KCNH2 (in particular), when they have been found inciden-
tally in pharmacogenetic studies, not in association with a cardiac phenotype [57]. 
This need for caution is echoed in the the paper of Riuro et al. [58], where bioinfor-
matic analyses of sequences from single individuals were shown to be prone to mis-
interpretation, and that family segregation studies could be most helpful in confirming 
(or refuting) the otherwise tentative conclusions of an analysis. However, by virtue of 
the sudden death phenotype itself, such studies can be especially difficult as there 
may not be enough family members to achieve sufficient evidence of linkage.

28.8  The Cardiac Genetics Clinic

The application of recently acquired genetics knowledge to the management of 
families must be performed with great care, as emphasised by the review of molecu-
lar diagnostic misinterpretations indicated above. The role of the cardiac genetic 
clinic, the required clinical approach, and the benefits for patients who attend have 
been well described [59, 60]. When a definitely pathogenic mutation is found in the 
case of a sudden cardiac death or a near-miss event, then standard cardiac manage-
ment can be followed. When there is no family or personal history, however, and 
when the variant identified is not known to be associated with disease in the patient’s 
ethnic group, more caution is needed. The consensus advice on the prevention of 
sudden cardiac death from the American College of Cardiology and the American 
Heart Association Task Force on Performance Measures has been commendably 
cautious, placing the emphasis very much on cardiac functional and physiological 
testing and de-emphasising the role of genetic tests, while allowing that these will 
have a role in specific circumstances [61]. This is consistent with the previous rec-
ommendations on cardiac genetic testing from 2012 [62].

One issue that requires attention is how families experience and cope with being 
told that several of them could die at any moment. This must differ greatly from the 
experience of an individual being told that she has, perhaps, 4–6 months to live. To 
be told (for example) that your death may be triggered by loud noise, by swimming 
in cold water or by strenuous exertion is likely to have immense but individually dif-
ferent consequences for the way such individuals and families live their lives. Very 
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frightening is of course the fact that you could die during sleep. Adults known to be 
affected by LQT syndrome, and so known to be at risk of sudden cardiac death, expe-
rience worry and limitations in their lives. They appreciate advice from an expert 
regional clinic as it avoids confusion and the misinformation that may come from 
less well informed professionals, and they focus much of their concern on their chil-
dren and grandchildren [63]. Similarly, families who have faced the sudden cardiac 
death of a young relative and have experience of a cardiac genetics evaluation, report 
finding this very helpful, and recommend that professionals should advise those in 
this position that referral for expert evaluation is recommended [64].

The decision whether to be tested for a plausibly causal genetic factor that may 
put you at risk of your family’s cardiac disorder is not simple. The process of making 
this decision has now been reported in several studies, although the picture is still 
incomplete. Ormondroyd et al. [65] have shown, in the context of HCM and LQT, 
that several aspects of the patient’s understanding of their situation need to be 
explored thoroughly, such as their appreciation of risk in the absence of obvious 
symptoms and in the recognition that the result may not yield a dichotomous “Yes/
No” but rather a point on a spectrum. Indeed, it is important they appreciate that 
genetic testing in their family may be uninformative [66]. Manuel and Brunger [67] 
studied families at risk of ARVC and identified six factors whose impact on the test-
ing decision can usefully be considered (the availability of a valid test; deaths in the 
family; signs and symptoms of disease; gender; family relationships and sense of 
obligation; availability of family support).

The impact of cardiac genetic testing has been assessed using cardiac-specific 
‘quality of life’ (QoL) measures before and after testing, indicating that some indi-
viduals at risk find this stressful and that a positive (adverse) genetic test result 
can—understandably—add to this stress at follow-up 12 months after testing [68, 
69]. As in comparable cancer genetics settings, very little effect of testing is seen 
when very general QoL measures are used, instead of indicators of cardiac-specific 
anxiety [70]. The sensitivity of such measures is poor.

Another important topic to mention here, albeit briefly, is the assessment of cardiac 
risk in athletes. There are numerous reports of the sudden death of apparently healthy 
young men during competitive sports and a post-mortem diagnosis of HCM, LQT or 
Brugada syndrome will sometimes be made, especially after a “molecular autopsy” 
and family studies. The best approach to screening athletes for cardiac risk is still open 
to debate. Multiple difficulties arise in the clinical assessment of athletes, including 
that of “athlete’s heart” (cardiac training) [71]. A proportionate and balanced view is 
adopted in the report of Al-Khatib et al. [61] although some jurisdictions, such as 
Italy, recommend more intensive assessments.

28.9  Genetic Testing of Children

Testing children can raise particular difficulties. To be given cardiac risk information 
about one’s child may result in not only immediate but also sustained distress [72] and 
one may ask the question whether one would do more harm than good discussing these 
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topics or, at least, generating genetic test results about risk to children. The crumb of 
comfort is that children identified as carrying such a mutation do not seem to suffer 
from it in the way their parents do [73], although that was a preliminary finding.

Many parents of a child with serious developmental problems are initially des-
perate to find out why their child has these problems, and some use their knowledge 
of the diagnosis to exert influence over the actions of the health care and education 
professionals involved with their child [74]; the “need” for a diagnosis may lessen 
with time as it becomes clear that no cure will be forthcoming, whatever the diag-
nosis. Similarly, and very understandably, many parents of a child at risk of a later- 
onset genetic disorder wish to find out whether their child has inherited the family’s 
genetic disorder and is at risk of serious problems. This parental concern relates to 
the question of how positively professionals present the benefits and hazards of dif-
ferent approaches to cardiac management and genetic testing—what evaluation do 
they convey in addition to the mere facts? Testing even young children for disease 
manifestations, including the use of ECG and cardiac echo, will clearly be entirely 
appropriate, when there is an established medical intervention available to treat, 
defer, or prevent complications of the condition, as is especially true for LQT disor-
ders and sometimes for cardiomyopathies.

There will always be difficult areas of professional judgment as to the border 
between research and service, and how to manage a complex case that is not being 
included within a research study. Predictive genetic testing of healthy children could 
be viewed as rather different from testing adults because, in the absence of cardiac 
symptoms, physical signs, ECG, or echocardiographic evidence of current pathol-
ogy, there will usually be no implications for medical management in the event of a 
positive genetic test result. On the other hand, not carrying out a genetic test that is 
available would impose continuing practical and emotional burdens on the child’s 
family and would incur the continued costs of cardiac surveillance. Therefore, when 
it is available, it will usually be reasonable to discuss the offer of genetic testing 
with the parents of children at risk of an inherited cardiac disorder that could develop 
during childhood, especially for children who are very active in sports.

In practice, the focus of decision making by a child’s parents will often depend 
upon the contextual air of optimism or caution within which the physician wraps 
his/her assessment of the medical interventions that could be offered if the child 
does carry the relevant mutation. This, in turn, depends upon how the physician sees 
the border between research and standard clinical practice. It would be possible for 
a clinical researcher to subject at-risk children to the potentially hazardous pharma-
cological provocation of electrophysiological anomalies, for example, out of both a 
wish to find out more about the disease (this could be termed “intellectual curios-
ity”) and a wish to clarify the situation for this particular child; the balance between 
these motivations is crucial and the professional has to restrain her “curiosity” (and 
the legitimate wish to expand our knowledge of these diseases) when it would entail 
subjecting the child to additional discomfort, pain, or hazard that has not been dis-
cussed with the parents and, where appropriate, approved in advance by an ethics 
review process. The cardiologist is likely to possess a greater understanding of both 
what is at stake and of the risks for the child than any other party involved: this is a 
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great responsibility that calls for a very finely developed sense of professionalism. 
Monitoring this borderland is tremendously difficult and institutional attempts to 
prevent all misjudgment are likely to prevent all progress.

In the absence of medical interventions established as useful and applicable in 
childhood, or when the inherited disorder is unlikely to develop until adult life, then 
the case for predictive genetic testing in a child is much weaker [75, 76]. A special 
situation may arise when a child wishes to participate in competitive sports. The 
consequence of a positive test result would be the exclusion from this possibility 
that may be very difficult to accept. Thus, careful preparation and discussion of 
alternative options are mandatory before testing in such situations.

Adults who wished to have molecular testing, when it is available, would be able 
to access this through a clinical genetics unit and with the support of pre- and post- 
test genetic counselling. The question will then arise as to whether professionals 
should accede to requests for testing made by adolescents of less than 18 years. In 
the United Kingdom, such requests are usually discussed carefully with the teen-
ager and testung may go ahead if the professional assesses the teenager as possess-
ing sufficient maturity. The extent of “counselling” in advance of the test will vary 
with the minor’s maturity and the extent to which a test result can usefully inform 
medical decisions or shape the teenager’s approach to life decisions. There will be 
more tendency to defer testing if there is no clinical benefit. The legal context and 
professional guidance in other European jurisdictions varies, as it does internation-
ally. A natural next question is how professionals should respond to a healthy but 
at-risk young adult who requests predictive genetic testing but who, upon assess-
ment, appears to be of questionable maturity [77, 78]. If there were no medical 
indication for testing at that time, it would be defensible in those circumstances to 
defer testing while maintaining contact and encouraging further reflection. In rela-
tion to inherited cardiac disease, however, these issues are usually of little relevance 
as the core question is whether, or to what extent, medical surveillance and interven-
tion, or lifestyle advice grounded in good evidence, would be available.

An adolescent or young adult who is told that sudden loud noise or exercise or 
cold water or even sleep could kill them may respond in a very different fashion 
from their parents—or parent, if one parent has already died in just such circum-
stances. The stage is set for distress and conflict. We need to know more about what 
parents say to their at-risk children and what different patterns of coping are 
employed; some of the research required may be observational but some must surely 
entail listening to the accounts of survivors and the bereaved who are living through 
these difficulties.

Some accounts of the genetic testing of adolescents have been reported, espe-
cially in some HCM families in the Netherlands which (unusually, and most use-
fully) incorporate a longitudinal dimension. However, the family situations and 
responses to risk and to testing differ and it is difficult to envisage a single, simple 
approach that will ‘usually’ be appropriate [79, 80]. These studies have shown that 
testing minors can lead to regrets, sometimes because of fears about problems with 
insurance and sometimes because of the medical advice that is given if a minor is 
found to be at risk, such as exercise restrictions. While these findings are the most 
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thoughtful and thorough such reports available, they merely “scratch the surface”: 
there is so much more to be learned and understood. Similarly complex issues arise 
in families at risk of LQT syndrome, where the question of disclosure of informa-
tion or privacy within the family can also be prominent [81].

28.10  Family Communication

One of the areas that has proved most difficult in clinical genetics practice is that of 
difficulties with the communication of genetic information within families [82, 83]. 
For the full medical, as well as personal and social, benefits of the diagnosis of a 
genetic disorder to accrue, those diagnosed within a family must transmit the rele-
vant information to their relatives. Problems with this transmission of information 
about the risk of disease and the health benefits of early intervention take different 
forms depending upon whether the information is to be passed “vertically” to a 
child or parent, or “horizontally” to a sibling, cousin, or other relative and depend-
ing upon the availability of preventive and/or therapeutic strategies.

The difficulties felt by parents in transmitting such information to a child have 
long been clear in the context of polycystic kidney disease, where there is great 
potential for denial of the problem to lead subsequently both to psychological dis-
tress and to serious clinical consequences [84, 85]. Similar problems have been 
documented in relation to other autosomal dominant disorders for which the chil-
dren of an affected adult will be at risk—most notably Huntington’s Disese (HD) 
[86] and the Mendelian familial cancer disorders. Some difficulties have also been 
apparent in relation to the transmission of information about genetic carrier status, 
especially in relation to sex-linked disorders and balanced chromosome transloca-
tions [87, 88]. A focus group study of the impact of genetic conditions on families 
has shown that families (but not professionals) have raised the difficulties parents 
have in communicating with their children as one of their major problems [89, 90]. 
Parents want to discuss such topics with their children but often find it very difficult; 
they may require active support from professionals if they are to share information 
in the most helpful fashion. Parents and doctors may often think to protect their 
child in not telling the truth and failing to explain the reasons for their medical vis-
its, but for the child’s well-being and trust it seems essential for them to understand, 
in an age-appropriate way, why she or he needs regular cardiac follow-up and what 
kind of investigations have to be done. As was said by the 41-year-old lady with an 
early onset severe familial HCM (already mentioned above):

“I got no explanation as to why I regularly had to go to the cardiac clinic, it was 
a family secret. I did not understand why I had to go and my sister did not. I just 
heard a few things but it was not an open discussion and that was very frightening 
for me. I don’t recommend people to do that.

Later I heard different things like, “because of that disorder she will not have 
children”; but it was never an open discussion. The doctors never told me clearly 
what is going on and that was terrible. Finally I understood that I had the same dis-
order as my father and I saw how his situation got steadily worse. It got to the point 
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where he couldn’t do anything anymore, not even kneeling. I saw that it was terrible 
and that created a climate of fear in the family.”

Passing information horizontally to other members of the family involves addi-
tional considerations. There are many reasons why the flow of information through 
family networks can be problematic, including the reluctance of individuals to pass 
on disturbing information to unaware relatives [91], the question of who counts as 
family [92], and the preexisting pattern of relationships within each family [93]. 
There may be specific individuals within a family system, who feel a duty of care 
toward specific others, to whom they would then be bound to disclose information 
that becomes available; furthermore, the disclosure may be the duty of these par-
ticular individuals so that it would be an abrogation of their role for others to per-
form this task [82]. There are the related but distinct issues that arise from generating 
such information that would then need to be passed to others; for example, some 
women affected by hereditary breast and ovarian cancer feel a sense of obligation to 
have a test performed, even if they might personally prefer not to do so, so that the 
family’s mutation can be found. Only then does predictive testing become feasible 
for their female relatives [94, 95]. An interesting feature in some families is the 
emergence of a key family organizer who facilitates communication within the fam-
ily and may organize family gatherings to ensure that all have access to the informa-
tion or are able to participate [92, 96].

We have more comments from the same mother already mentioned above, who 
had lost one of her two sons from sudden cardiac death due to ARVD. She devel-
oped the disorder herself after cascade screening of the family, and genetic testing 
in her revealed a pathogenic mutation in one of the genes associated with ARVD. She 
said:

“There was no problem when I announced to my family that I have the same cardiac prob-
lem as (our son had) and that all my brothers and sisters need to do a cardiac evaluation, but 
when the mutation was identified and I informed one of my sisters about the possibility of 
predictive testing she said: “Fine, so we go and do the blood sampling”. I said, “No, no, this 
is not the way it should be done. It is essential to do this through a geneticist and discuss all 
the issues and possible consequences”. So, I told them that they have to go to a geneticist, 
that they have to give me the address of the geneticist, and that I am going to send him or 
her the information. This is because you just can’t simply do the blood sampling. What are 
you going to do afterward? If you have the mutation what are you going to do?”

Most patients and family members agree, when asked, that information about the 
heart disease or cardiac genetic tests of one person should be passed to others in the 
family, for whom it may also be important [97]. However, such opinions are often 
gathered when they are hypothetical; patients or relatives may feel differently when 
faced with concrete situations. Professionals can then experience difficulty when 
important information is not passed through a family in the way they think it should 
be. Under what circumstances would it be permissible, or perhaps obligatory, for 
them to break their usual obligation to maintain confidentiality because of a greater 
duty to prevent harm to others? This raises larger questions of the obligations of a 
physician; do we have duties solely to the individual(s) in front of us, or also to their 
absent kin, or to society at large and “the general good?” The usual response of 
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professionals in such circumstances, where there may be a conflict between the 
duties to protect confidentiality and at the same time to disclose personal informa-
tion, is not to force disclosure but to work with the family over time to help them 
achieve the disclosure in an emotionally safe but effective manner [98]. There have, 
however, been calls to define the circumstances in which professionals may or 
should disclose a patient’s personal information to others without consent [99]. 
These have arisen largely within the anglophone world of utilitarian ethics where 
the difficulties of reducing incommensurable qualities to a single scalar dimension 
often seem not to be fully appreciated; even a sophisticated account of this view 
reduces essentially to the attempt to compare the outcomes likely to result from the 
available courses of action and then selecting the one assessed as leading to fewer 
harms [100]. This effectively writes out of the account any prior Hippocratic com-
mitment of the physician or health care professional and assumes that all manner of 
consequences can be reduced to a single dimension. This position is less highly 
regarded in continental Europe.

Efforts made by professionals to support their clients’ disclosure of information 
to their relatives recognizes the vulnerability of those given unwelcome information 
and the time it can take for them to process the information and acknowledge their 
obligations [101] rather than trying to insist that they should act immediately, as if 
they were able instantly to weigh up these issues calmly, with objectivity and 
detachment. It also recognizes the complexity of relationships within a family, in 
which forceful medical intervention could do real harm [102]. This gentle approach 
has been shown often to be effective [103] and in some circumstances can be helped 
through a group approach [104, 105]. The need for such professionally supported 
communication is clear in the context of FH [106].

There have been helpful reviews of family communication of genetic informa-
tion [107–109]. Such work is useful in allowing us to anticipate some of the difficul-
ties that may arise in families confronting sudden death resulting from an inherited 
cardiac disorder.

28.11  Risks and Certainties

One component of genetic counseling in cardiac genetics is conveying information 
about risks: risks to the patient or client, risks to their relatives, and ways of modify-
ing these risks. At one level this can entail a narrowly informational process, the 
impersonal transfer of cold facts; at another level, it can entail a personal contact 
between counsellor and client when both engage with the personal meaning and 
significance of the information.

To focus on the narrowly factual, one can assess the effectiveness of techniques—
contrasting verbal or numerical (probabilistic) or visual descriptions of risk—but 
this has to be just a start (e.g., [110]). The tendency for genetic counselling clients 
to convert a probability statement into the resolution of a dichotomy—converting a 
maybe into a yes or a no—has been recognized for decades [111, 112], so that a 
genetic counsellor must engage with the personal context [113] and the significance 
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of the possible outcome events. This approach is necessary to help the client appre-
ciate the genuine uncertainties involved. This dialogical approach to risk communi-
cation has been well described in nongenetic [114] and genetic contexts [115] 
although the ways in which genetic counseling clients use their understandings of 
risk in making decisions is yet another matter.

Decisions about genetic testing will be influenced by the professional, who has 
framed the choice (to have the test or not), by the client’s understanding of their 
biological situation [116], and by the client’s judgments about their own personal 
emotional responses and their assessment of the likely responses of others in their 
family. When the decision is not to go ahead with testing, however, or when no test 
is available or when the risk information simply hangs there, without one single 
specific decision to be made, the influence or impact of the professional will be felt 
in a different way. The clients will go away and live their lives but they will take 
with them the manner in which the information was provided; this applies not only 
but especially to “bad news.” If these long-lasting memories of us professionals are 
not to be entirely negative, then we need to know our clients as individuals—as far 
as possible within the proper constraints of professional conduct.

It is our personal relationship with clients, arising from empathy but without 
sentimentality, which gives us the opportunity to help them face these decisions. We 
need to explain the facts and risks to enable them to make a realistically grounded 
decision but we also have to help them (those who want the help) to think through 
the consequences of the different possible courses of action open to them. That 
requires a respectful relationship that can develop over time. The centrality of the 
ongoing relationship between genetics services and their clients has been recog-
nized as crucial in family-based research [117] and in a professional consensus of 
leading genetic counselors in the United States [28].

The influence of risk perception on decision making has been studied in the con-
text of predictive genetic testing for HD and the familial cancers. It will be impor-
tant to explore the same processes in relation to familial cardiac disorders. Although 
this process has begun, and has been referred to above, there is much more to do. We 
suspect that professionals would like their clients to be making cool, rational judg-
ments about genetic testing and practical aspects of risk management while many 
clients will be making decisions on quite different grounds. Whereas cardiologists, 
even more than genetics professionals, are likely to perceive the LQT disorders and 
HCMs as amenable to useful medical interventions, so that decisions about genetic 
testing could be made on the basis of a rational decision process, many at-risk indi-
viduals will feel differently and will perhaps stay away from both genetics and 
cardiology clinics. They are likely to make decisions more comparable to those 
made by people at risk of HD than would apply in the context of an effectively pre-
ventable cancer predisposition (such as familial polyposis coli or one of the multiple 
endocrine neoplasia syndromes). Substantial numbers will persist in preferring not 
to be tested until the family experiences of treatment confirm that the outcomes are 
substantially better than they have yet seen. This is particularly true for young and 
asymptomatic at-risk relatives. The medical benefits of predictive testing in this 
situation often appear to be uncertain. This arises firstly because only limited data 
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may so far be available about the natural history of healthy carriers. Secondly, the 
expression of the disease may be highly variable even within a family and the clini-
cian can predict neither the age at onset of the disease nor its severity, although 
phenotype-genotype correlations, especially for LQTS and HCM, may be of some 
help. Thirdly, it may be that no medical treatment is effective in preventing or in 
lowering the occurrence of the disease. Restriction of physical activity might be 
recommended but its ability to counter sudden death in healthy (so far unaffected) 
carriers of their family’s mutation will often be uncertain.

The only treatment that might prevent sudden death from dysrhythmia is an 
implantable defibrillator. This is not currently the general recommendation for 
healthy mutation carriers, although this option may be discussed in the context of a 
family with sudden death, especially in the young. For these reasons it is actually 
not possible to make a firm recommendation in favour of predictive genetic testing 
for inherited cardiac disorders because the balance of (dis)advantages will depend 
on so many factors, including the dangers of a particular mutation or set of variants, 
the likely response of this set of variants to the available treatments, and very indi-
vidual and personal choices made by patients about how they would like to live their 
lives. If a predictive test is positive, then strict medical follow-up is required that 
will allow the early diagnosis of symptoms and lead to improved therapeutic man-
agement. This strategy, however, can also be followed without genetic testing of the 
healthy at-risk relative. Interestingly, one study showed that only 76% of mutation 
carriers after predictive testing for HCM received regular cardiac follow-up which 
seems to indicate a need for better patient and/or physician education [118]. If the 
test is negative, the individual will be reassured and the result will probably improve 
his or her well-being, although there might be adverse psycho-emotional reactions 
as has been shown for HD, deriving from issues of family dynamics [119]. So far 
the main reasons why an individual would ask for predictive cardiac genetic testing 
would be the psychological burden related to uncertainty and/or the wish to know 
the risk of transmission of the disease to their offspring [46] and/or the situation of 
a young sportive adolescent who wish to continue his/her intense physical activities. 
The psychological burden of uncertainty could, however, be replaced after an unfa-
vorable test result by a new psychological burden of the knowledge of an increased 
risk of a (possibly fatal) cardiac event but with major uncertainties about the level 
of risk under any particular circumstances and the likely response to interventions. 
Not everybody wants to know for sure about this if no demonstrably effective pre-
vention and/or therapies have been developed.

Knowledge that one carries a gene predisposing to a cardiac disorder also has 
implications for reproductive decisions—it raises for discussion the eventual pos-
sibility of a prenatal diagnosis if the mutation in the family is known. It has been 
possible to perfrom prenatal diagnosis for inherited cardiac disorders for many 
years [120] and this raises complex medical, psychological, and ethical issues. 
From the medical point of view, the termination of an affected pregnancy may be 
regarded as indicated in families with malignant forms of the disease (i.e., with 
several cardiac deaths in the young or deaths associated with heart failure). However, 
the variable expression even within a given family, and the difficulty of predicting 
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the potential phenotype, counterbalance the value of prenatal diagnosis. As for 
many other inherited, mostly adult-onset disorders with wide clinical heterogeneity, 
no general rules can be given and decisions should be made after case-by-case dis-
cussion and according to a consensus between the parents and the medical team.

28.12  Professional Optimism and Family Scepticism

Underlying these differences in perspective there may be, on the one hand, a degree 
of professional optimism about the worth of one’s craft and, on the other hand, the 
at-risk client may manifest either some measure of denial as a psychological 
defense, some anxiety as to what shape treatment might take or some scepticism of 
the professional’s claims—or some combination of these. A very real issue for pro-
fessionals is how to present information in a “balanced” way when what is being 
made available is both highly variable between centres and rapidly developing over 
time, so that a specialist’s practice is likely to be somewhat ahead of what is justified 
by the published evidence. The influence of the professional on the client (who is 
the cardiologist’s potential patient) will be exerted not so much by what is said but 
rather through the way in which the information is given; this involves both the 
degree of professional optimism and enthusiasm, the professional’s convincing dis-
play of competence and the achievement of a sense of personal contact between 
client and professional. It will be immensely important for professionals in this field 
to develop their self-awareness skills, to work whenever possible with a colleague 
from a different discipline within the same multidisciplinary team, and to seek 
awareness-enhancing psychological supervision. Those wishing to borrow insights 
from studies of HD may like to look at the findings of in-depth interviews with 
genetic counselling clients from HD families (such as [121–123]).

28.13  Family Cascade Testing, the Paradigm of Familial 
Hypercholesterolaemia (FH)

28.13.1  Familial Hypercholesterolemia (FH)

FH was the first genetic condition to be recognized as an important cause of heart 
disease, specifically of coronary artery disease (CAD), and biochemical testing has 
long been available to confirm the diagnosis and assist in dietary and pharmacologi-
cal management. The primary diagnosis in a family used to be made largely by 
testing those with early-onset CAD or physical signs of hypercholesterolaemia for 
raised cholesterol. Increasingly, however, the recognition of FH has been achieved 
through the opportunistic screening of adults with or without symptoms of CAD, 
often in primary care or preventive health checks, or direct-to-consumer, including 
over-the-counter. For an interesting variation on this approach, see below [124].

The emergence of services for FH through this biochemical approach has led to 
its usually being managed as a metabolic disorder by medical biochemists, in 
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contrast to other inherited cardiac conditions that are increasingly managed jointly 
by cardiologists and genetics professionals. The later arrival of molecular genetic 
testing in the management of FH, as well as the limited utility of genetic testing as 
a primary diagnostic tool in FH, has led to a highly focused role for genetic testing 
in the cascade testing of the relatives of established cases for whom a pathogenic 
mutation in LDLR or another relevant gene has been found. Molecular testing of the 
APOB and PCSK9 genes as well as LDLR may be required to find rhe family’s 
mutation(s) and, still, a pathogenic mutation will often not be found. There have 
been periodic reassessments of whether it would be feasible to offer individualized 
risk assessments on the basis of single nucleotide polymorphism (SNP) typing but 
the consensus has long been that such applications would not be warranted [125–
127]. Such information adds little to more conventional methods of assessing risk of 
cardiovascular disease [128], especially as measures of the apolipoproteins have 
been shown to give more accurate risk assessments than any of the cholesterol ratios 
[129]. We know that susceptibility screening can also cause confusion and has the 
potential to reinforce inequities in health [130]. The identification of those with a 
“predisease” state generates feelings of uncertainty and places additional demands 
on the health care system [131, 132]. Recent re-evaluation of the polygenic influ-
ence on serum cholesterol shows an accumulation of polygenic variants of individu-
ally small effect that are likely to be contributing to the high cholesterol levels [133]. 
Given that the interventions to be recommended on the basis of serum lipid mea-
surements would not be modified by such genetic data, SNP-based population 
screening is not recommended; the situation has not changed over some 20 years 
[134, 135].

Family cascade testing must therefore persevere with biochemical testing in 
those many familes without a pathogenic FH mutation, although molecular genetic 
cascade testing is preferred where possible because biochemical tests are not always 
definitive in family members who do not yet have overt disease [136]: this is espe-
cially true in the young [137, 138]. This approach has increased the absolute num-
bers of those diagnosed with the condition in the Netherlands, with a major, 
beneficial impact on the proportion of known affected persons under appropriate 
medical management [139], and this approach to cascade screening is also being 
adopted in the UK.

Before the advent of safe and effective cholesterol-lowering drugs, one conse-
quence of finding a raised serum cholesterol (not specifically FH) was that some 
individuals responded paradoxically with unhelpful behaviors—feeling either fatal-
istically doomed to develop CAD or completely invulnerable (reviewed in [134, 
140]). The introduction of the statin drugs changed this: since then, patients with FH 
have generally regarded this as treatable and have recognized the need to alter 
behavior [141], although those with FH in whom a causative mutation has been 
found appear more likely to trust medication than dietary intervention [142]. This 
may be an instance of a more general phenomenon, with those at increased risk of 
disease through an established genetic factor placing more trust in rationally 
designed pharmacological interventions than in “merely” behavioural or lifestyle 
changes [143]. There are few grounds for the optimistic belief that genetic testing 
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for susceptibility to disease has a sustained, beneficial impact on lifestyle, such as 
smoking cessation and compliance with recommendations on diet and exercise 
[144–146]. This, in turn, carries lessons for the circumstances under which it may 
be appropriate to introduce population screening tests for disease susceptibility, 
especially the strength of the evidence that the interpretation of a test result should 
be not only valid but also of established clinical utility [134]. The therapeutic effec-
tiveness of statins for treating FH, however, is not in doubt [147, 148], and they are 
effective in reducing the risk of stroke as well as myocardial infarction [149].

Where there are clear practical benefits from early diagnosis, as with FH, the 
question arises as to how health services can best be structured with the goal of maxi-
mizing the numbers of at-risk people who are identified before they have developed 
disease complications. They can then decide whether they wish to be investigated, or 
not, and take appropriate precautions, or not. The strategic choice lies between a 
population screening approach and a family-based system of offering testing to the 
first- and second-degree relatives of identified patients, “cascading” out or “snow-
balling” through the family. The fact that mutation-based genetic testing is much 
more sensitive and specific than a cholesterol-based population screening test indi-
cates that the family-based approach may be superior, at least for those families in 
which a definitely pathogenic mutation has been found. The family- based approach 
has been shown to be more cost-effective [150] as well as clinically rational; a pop-
ulation-based screening program for FH using an assay for serum cholesterol does 
not meet the U.K.’s public health criteria for a screening program [151, 152].

Cascade testing gives families an opportunity to escape from the pattern of dis-
ease that has affected previous generations, not only for FH but for other inherited, 
single gene (Mendelian) cardiac disorders for which pathogenic mutations have 
been identified. How should such services operate? How should the family cascad-
ing be implemented?

We know from studies in Netherlands that most of those contacted, but not all, 
welcome this [153]. The practical details of screening programmes can be crucial 
[154]. Even small differences in the operational procedures of a genetic screening 
program may have a major impact on how it is perceived and the ethical issues it 
raises (in the context of newborn screening, see [155]). The FH programme relies 
on contact details for relatives being provided by the index case patients, who may 
or may not prepare their relatives for being contacted [156–158]. The clear potential 
for major health benefits generally outweighs the sense of intrusion that could oth-
erwise result from such unsolicited contact [159]. This will not necessarily be the 
case where the benefits from genetic testing are not so clear and would therefore not 
be transferable to some other cardiac disease contexts; it may also not apply in 
countries with different health care systems—where the cost of testing and treat-
ment would have to be met by the individual or where the cost of health insurance 
may deny health care to the poor and to those with inherited predispositions to dis-
ease (“pre-existing conditions”).

The particular needs of healthy but mutation-carrying (likely-to-become- 
affected) children also require consideration. It has been suggested that population 
screening for serum cholesterol could be applied to children between the ages of 
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1 and 9 years, as discrimination on the basis of cholesterol levels between those 
with FH and those without (i.e., distinguishing between the two groups) is best in 
childhood [160]. There are powerful reasons for caution with this approach, how-
ever, on clinical and cost-effectiveness grounds as well as from a consideration of 
the psychological and social consequences of such an approach [152, 161, 162]. 
However, an interesting approach to this—offering opportunistic cholesterol screen-
ing to >10,000 infants at a clinic visit for immunisation—has been assessed favour-
ably in a pilot study, with the immediate benefit being the detection and treatment 
of FH in affected but previously undiagnosed parents [42]. However, this project 
was clearly driven by enthusiasts and may not warrant adoption for the population 
without further and more critical evaluation.

 Conclusions

Clinical genetics and genetic counselling have been shaped by their experiences 
of working both with families and with colleagues from other disciplines. 
Clinical genetics at first emerged from pediatrics and neurology and then its pat-
tern of working changed when developments in cancer genetics led to many 
referrals for such concerns. This led to a greater focus on adult patients and to the 
coordination of medical management on behalf of so far unaffected family mem-
bers—for example, the surveillance for tumors. Genetics professionals work 
alongside oncologists and other specialists, retaining their role of working with 
families rather than individual patients and especially with the healthy but at-risk 
relatives. Genetics professionals (both medically qualified clinical geneticists 
and genetic counsellors or genetic nurses) now work alongside specialists from 
several other medical subspecialties including cardiology. What role will they 
have 10–20 years into the future?

Most cardiac disease is of “complex” etiology, which may to some extent be 
clarified by large genetic epidemiological studies but for which population 
screening approaches are unlikely to have a high predictive value. Genetic tests 
may be useful in guiding treatment for those with overt disease or in the cas-
cade, “follow- up” arms of population screening programs to identify those 
affected by FH, but those activities will not usually be carried out by genetic 
specialists: genetic testing for therapeutic guidance (i.e., pharmacogenetics) 
will be performed by generalists and population screening for FH and similar 
predispositions to cardiac disease will be an activity conducted within primary 
health care.

The central, core role of genetics professionals will remain with the uncom-
mon, Mendelian genetic disorders and genetic counselling will continue to focus 
on predictive testing, especially where tests are not clearly necessary for good 
medical management, and on reproductive issues where individuals need to 
make very personal decisions after careful consideration. However, an increasing 
proportion of our work may be dealing with the impact on families of incidental 
or additional findings from genomic investigations initiated by other, mainstream 
specialists who may be unwilling to apply such findimgs to the overall healyh 
care of their patients and their patients’ extended families.
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In the Mendelian cardiac disorders, the difficult issues will remain of (i) pro-
moting family communication while respecting individuals’ right to confidential-
ity, (ii) making “well” (i.e., “wisely”) those difficult decisions about genetic 
testing and medical surveillance on behalf of young children and in the context of 
reproduction, (iii) managing those situations of uncertainty where variants are 
found in genes that are implicated in the inherited cardiac disorders, but when the 
variant found is not already known to cause the disorder (i.e., is of uncertain sig-
nificance), and (iv) addressing the non-cardiac genetic findings of cardiac patients 
having genomic investigations (i.e., incidental or additional findings). Category 
(iii) will include many patients being investigated by other (non-cardiac) special-
ists, who are then found to carry a variant of (possible) significance for their risk 
of cardiac disease, just as category (iv) will comprise patients who begin as “car-
diac patients” but are then drawn into a wider web of health concerns.

The disease-related context of sudden death ensures that these decisions are 
going to remain difficult and loaded with a high emotional charge, whatever 
scientific progress brings in terms of improved understanding, until a real cure 
becomes available (not just an ICD). We can offer a supportive relationship with 
a self-aware professional not only to the affected patients seen in clinic but also 
to their family members. We can also offer the best available interpretation of the 
significance of novel genetic variants and review these interpretations as new 
evidence accumulates, including the possibilities of gene editing and other ratio-
nal and gene-based (if not always genetic) treatments.

These contributions will complement the therapeutic skills of our colleagues 
in cardiology and will indeed help to ensure that as many at-risk family members 
as possible will benefit from those skills.
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Abstract
The complex and chronic nature of inherited cardiovascular conditions (ICCs) 
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29.1  Introduction

In many countries multi-disciplinary approach has become widely accepted in man-
agement of patients with long term conditions. In the UK, this approach has been 
endorsed by the Department of Health as a core model for managing chronic dis-
eases [1]. The need for multi-disciplinary work has emerged as a result of increase 
in complex, specialized medical knowledge and promotion of the patient’s role in 
their own care.

Multidisciplinary teams (MDT) bring together professionals from different dis-
ciplines with specialist knowledge, skills and expertise, aiming to provide high 
quality care for patients. Team members are involved in the assessment, diagnosis, 
treatment and care of individual patients. Main activities of an MDT are regular 
meetings (weekly, fortnightly, monthly) and/or multi-disciplinary clinics (i.e. a 
number of consultations with different team members during a single patient’s 
visit). The clinical decision making process results in MDT recommendations 
which are evidence based, in line with standard treatment protocols (where possi-
ble), and patient-centered.

There is great variability in effectiveness of multi-disciplinary teams across dis-
ciplines and within disciplines across different geographical regions [2]. Data have 
demonstrated that multidisciplinary decisions or interventions improve clinical out-
comes for individual patients [heart failure MDTs [3], cancer MDTs [4], stroke 
rehabilitation MDTs [5] etc.]. Despite all identified benefits, there is still limited 
evidence on overall cost-effectiveness of multi-disciplinary approach in clinical 
practice [6].

In this chapter we discuss the specifics of multidisciplinary team work within 
Inherited Cardiovascular Conditions (ICC) service.

29.2  Complex Nature of Inherited Cardiovascular Conditions

Inherited cardiovascular conditions (ICC) are rare, complex and very variable group 
of disorders. Four main categories of ICC are:

 – Inherited arrhythmias, caused by mutations in genes encoding proteins that are 
involved in action potential (Long QT syndrome, Short QT syndrome, Brugada 
syndrome, Catecholaminergic Polymorphic Ventricular Tachycardia CPVT)

 – Cardiomyopathies, caused by mutations in genes encoding proteins of the con-
tractile system of cardiomyocytes (Hypertrophic Cardiomyopathy, Dilated 
Cardiomyopathy, Restrictive Cardiomyopathy, Left ventricular non-compaction, 
Arrhythmogenic Right Ventricular Dysplasia)

 – Inherited aortopathies, manifesting as catastrophic blood vessel rupture, caused 
by mutations in genes encoding for connective tissue proteins (Marfan syn-
drome, Loeys-Dietz syndrome, Elher Danlos Syndrome)

 – Muscular dystrophies, a systemic genetic conditions that cause skeletal muscle 
weakness and sometimes affect heart’s conduction system or heart muscle, causing 
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arrhythmias and/or cardiomyopathies (Emery-Dreifuss muscular dystrophy, 
Myotonic dystrophy, Duchene muscular dystrophy, Becker’s muscular dystro-
phy, Limb-girdle muscular dystrophy)

29.2.1  Epidemiology of ICC

Epidemiological data on prevalence of ICCs are incomplete. This is because of the 
rarity of conditions in general population, genetic heterogeneity, incomplete pene-
trance, and difficulty in distinguishing ICCs from common multi-factorial condi-
tions with similar symptoms. NHS Commissioning board [7] have estimated that 
total prevalence of ICCs is 340,000 cases in the UK (including 120,000 individuals 
affected by familial hypercholesterolemia). Collectively ICCs potentially represent 
significant burden of disease in the UK population.

29.2.2  Genetics of ICC

These are largely monogenic disorders with variable penetrance (not all individu-
als with a disease causing mutation will show clinical symptoms, or these are 
latent in the absence of triggering factors). Most ICCs show a great deal of genetic 
heterogeneity- one condition can be caused by numerous mutations in many dif-
ferent genes. In the last decade, the complexity of ICCs has been magnified with 
advances in technology that enabled better understanding of their underlying 
genetic basis. With next generation sequencing, simultaneous testing of multiple 
genes is available in shorter period of time and at significantly lower cost. 
However, with the use of available technology, genetic test results may reveal 
sequence changes that are not easy to interpret. Therefore, both clinical and 
genetic findings need to be carefully considered when establishing a diagnosis in 
the index case.

29.2.3  Clinical Management of Individuals with ICC

Individuals with suspected ICC require specialist assessment. Patient’s pathway 
within an established ICC service involves investigations to establish the diagnosis 
(including genetic testing), surveillance and clinical management of the condition, 
family screening, establishing the risk for future offspring and reproductive options 
if applicable.

Establishing the diagnosis includes analyzing: personal and family history, 
electrocardiogram (including exercise ECG, ambulatory ECG, or signal-averaged 
ECG), echocardiography, routine and specialized blood tests (including metabolic 
investigations), specialized cardiovascular imaging (CMR, cardiac CT), electro-
physiology investigations (Ajmalin test, electrophysiology studies), and if appro-
priate genetic testing.
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Once a diagnosis is established, management of ICC involves advice on avoid-
ance of triggering factors (exercise or certain medications), treatment with medica-
tions and/or device implantation, if appropriate, interventional treatment (alcohol 
septal ablation, septal myectomy in management of obstructive HCM; aortic root 
replacement and Aortic Valve Replacement in aortopathies), and where necessary 
surveillance and preventative measures. A minority of individuals affected by ICC 
is at risk of sudden cardiac death, and therefore significant part in management of 
ICC is recognizing those at risk (risk stratification).

If genetic basis of the diagnosis is established, cascade predictive testing is 
offered to all first degree relatives. If applicable, Geneticist estimates the risk of 
future offspring being affected by the condition and discusses various reproductive 
options that may provide avoidance of the condition in subsequent generations.

29.2.4  Looking After Families of Individuals with ICC

The nature of ICCs includes the need to extend investigations to the families of 
affected individuals. All of their first degree relatives are eligible for ‘cascade’ test-
ing. This can involve clinical assessment for the possibility of shared phenotypes, or 
genetic testing if a disease causing mutation was identified in the index case. 
Cascade genetic testing has been shown for some ICCs to be cost-effective [8, 9]. 
Family members who have not inherited familial mutation can be reassured and also 
spared regular clinical testing. With advances in genetic testing, looking after fami-
lies with ICC includes discussing the options for avoiding presence of ICC in future 
offspring (prenatal diagnostic options and pre-implantation genetics).

29.3  Multidisciplinary Management for Inherited 
Cardiovascular Conditions

Care for the individuals with ICC and their families is provided in centers with spe-
cialists who have expertise in managing a full range of inherited cardiovascular 
conditions. ICC services are usually based in major tertiary centers, where regional 
genetic service is also available. The complex and varied nature of ICCs, implica-
tions for other family members, and increase in specialized medical knowledge cre-
ated a clear need for ICCs to be managed by multi-disciplinary teams. 
Multidisciplinary work within ICC services is shaped by unique and complex char-
acteristics of inherited cardiovascular conditions. The aim is to provide holistic care 
for the patients and their families.

Review of ICC service showed that there is a great variability in service provi-
sion across the UK, both in terms of quality and quantity [10]. Some services pro-
vide ‘one stop’ multidisciplinary clinics where patient has the opportunity to be 
seen by different specialists during one visit only. Particularly complex cases are 
discussed in multidisciplinary setting during regular MDT meetings. Another model 
for ensuring provision of service for the whole population of a region is ‘hub and 
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spoke’ model. More specialized elements of care are delivered within tertiary cen-
ters whilst less specialized aspects of care are provided by district cardiology ser-
vices. For remote areas service is provided through ‘satellite’ (outreach) clinics.

Team members and their roles may differ in different centers, but here we 
describe the main roles of the ICC multidisciplinary team. The core team members 
are Cardiologist, Geneticist and Cardiogenetic nurse. Holistic care is provided in 
liaison of core MDT members with other specialist services.

29.3.1  Consultant Cardiologist

The role of cardiologist is to make a clinical diagnosis, assess the risk of sudden 
cardiac death, and be involved in ongoing clinical management of the patients. For 
a successful role, it is necessary to have expertise in interpretation of cardiological 
investigations and this involves experience in echocardiography, specialized cardiac 
imaging, and electrophysiology. Regular specialist follow-up and advice on cardiac 
management requires expertise in heart failure and management of arrhythmias. 
Cardiologist with specialist interest in ICC also has a good understanding of the 
value of genetic testing in diagnosis and management of patients with ICC.

Inherited cardiovascular conditions MDT includes Cardiologists from different 
sub-specialties: Electrophysiologists, Cardiac Imaging Consultants, Heart failure 
specialists with interest in Inherited Cardiovascular Conditions, specialists in Adult 
Congenital Heart Conditions, and for assessment of feasibility of septal myectomy 
in HCM patients, expertise of Interventional Cardiologists.

Some inherited cardiac conditions present in childhood, and therefore the role of 
Pediatric cardiologist is equally important. The necessary expertise involves knowl-
edge of age-specific clinical management and insight into psychological, social, and 
ethical issues in management of conditions with genetic basis in children. There is 
also a significant role in transition of care of adolescents to adult services that is led 
by Pediatric Cardiologist.

29.3.2  Consultant Clinical Geneticist

The role of geneticists is primarily in the diagnosis of ICC, and requires expert 
knowledge of both phenotype and genotype of ICC. This involves clinical expertise 
in recognizing dysmorphic features associated with rare genetic syndromes, and 
knowledge of rare metabolic and neuromuscular conditions associated with cardiac 
involvement. Based on clinical assessment geneticist may make recommendations 
on diagnostic genetic testing strategies in individual cases. Geneticist is also involved 
in interpretation of genetic test results including uncertain findings, and provides 
advice on utility of genetic testing within the family. Part of managing families with 
ICC involves not only cascade genetic testing but also providing counseling on the 
recurrence risk for future offspring, and options for prenatal and pre- implantation 
diagnosis. In some couples other reproductive options may be suitable (egg/sperm 
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donor, surrogacy etc.) and geneticists coordinates the referral to Reproductive 
Medicine specialists.

ICC Multidisciplinary team usually involves Cardiac geneticist and when 
required Consultant Geneticist with specialist interest in Pre-Implantation Genetic 
Diagnosis.

29.3.3  Specialist Cardiac Genetic Nurse

The role of cardiac genetic nurses is in coordinating the care for patient with ICC 
and their families. This entails arranging specialized investigations, clinical appoint-
ments, and links with other specialized services depending on individual needs. 
They also provide emotional and psychological support to affected individuals and 
their families. Part of this role is to provide clear and easy to understand information 
on the condition and its symptoms. Within many multi-disciplinary teams specialist 
cardiac genetic nurses are the first point of contact for patients’ queries.

29.3.4  Genetic Counselor

Genetic counselor has multiple roles within ICC multidisciplinary team, and this 
varies across the services. They are involved in taking family history and drawing 
up detailed family tree, as well as developing and keeping genetic registers and 
other records. Counselors also have a role in eliciting patient’s expectations and 
concerns and based on that provide appropriate psychological support. They are 
involved in counseling family members who are undergoing predictive genetic test-
ing. This requires knowledge of natural history of ICCs as well as understanding of 
support networks that provide education and support to patients. They are also 
involved in counseling on the recurrence risk and options for prenatal diagnosis.

29.3.5  Cardiac Physiologist

Cardiac physiologists involved in care of patients with ICC have expertise in echo-
cardiography, electrophysiology, or cardiopulmonary exercise testing. They work 
closely with cardiologist in interpreting abnormalities specific to ICCs.

29.3.6  Cardiac Pathologist

The role of pathologist is in establishing the cause of death where underlying ICC 
is suspected. This sometimes involves referral to cardiac pathologists who special-
ize in sudden cardiac death. Their role is also in guiding further investigations 
including genetic testing, and with appropriate permission, retention of tissues for 
further testing in future.
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29.3.7  Clinical Scientist

Clinical scientists have a major role in provision of laboratory genetic test results 
from accredited genetic laboratories. They are involved in planning the most appro-
priate testing strategies for individual referrals. They are responsible for interpreta-
tion of genetic test results, and for recommendations on further investigations and 
testing of other family members.

29.3.8  Other Specialist Services

Some ICCs are systemic disorders and their management requires involvement of 
other specialists. Patients with Marfan syndrome require follow-up by ophthalmolo-
gist, and rheumatologist. Heart is affected in different rare inherited metabolic dis-
orders and these patients require follow-up by specialists in Metabolic medicine. 
Similarly, neuromuscular conditions with cardiac involvement require significant 
input from Neurology services. The role of ICC multidisciplinary service is to 
ensure good links with other related specialties.

29.3.9  Support Groups and Voluntary Organizations

Support groups and voluntary organizations provide valuable practical and psycho-
logical support for patients. Support groups often organize patient information ses-
sions with updates on the new developments in the field. It is sometimes that within 
ICC service patients find out about the support groups in the first instance. Here we 
provide a (non-exhaustive) list of support groups in the UK.

Cardiomyopathy UK www.cardiomyopathy.org
CRY-Cardiac Risk in the Young www.c-r-y.org.uk
SADS UK- Sudden Arrhythmic Death Syndrome www.sads.org.uk
Arrhythmia alliance www.heartrhythmcharity.org.uk
Marfan Association UK www.marfan-association.org.uk

On the following pages we discuss clinical cases where the role of multidisci-
plinary work of ICC service has been vital in providing integrated holistic care for 
patients and their families.

29.4  Clinical Cases

29.4.1  Case 1

29.4.1.1  Case History
Following tragic sudden death of an 18 months old girl, her parents were referred 
for genetic counseling to their Regional Genetics Service. At the time of the appoint-
ment molecular test results were available.

29 Multi-Disciplinary Management of Inherited Cardiovascular Conditions

http://www.cardiomyopathy.org
http://www.c-r-y.org.uk
http://www.sads.org.uk
http://www.heartrhythmcharity.org.uk
http://www.marfan-association.org.uk


824

She was the first child to healthy, unrelated Caucasian parents. Detailed history 
revealed that she was born at 38 weeks of gestation via normal delivery. The labour 
was induced, as her mother suffered from preeclampsia, but there were no compli-
cations. The baby had a tongue tie and a torticolis. Her physical and mental develop-
ment were normal, and she was a healthy child. In retrospect, her parents described 
two unusual episodes that they witnessed long before the tragic death of their 
daughter. On one occasion, she was in a car seat when her eyes suddenly appeared 
hooded, and her head was leaning backward. She did not appear to be asleep at the 
time. When her father lifted her head, she started crying. On another occasion she 
was in a car seat when she appeared to have a blank expression on her face for about 
10 min. Soon thereafter she started crying. She was well in herself prior to both 
episodes and there was no history of seizure activity. The consultant Clinical 
Geneticist reviewed her photographs at the time of genetics appointment, but no 
unusual facial features were observed.

On the day when she passed away, the family were visiting friends who were 
based in the neighboring county. She was well in herself and for a few hours she was 
playing in the park. In the course of the day, she had an episode of a loose stool, but 
no diarrhea. Before going to bed, she had a warm meal and her body felt warm. She 
had some milk to settle down, but soon thereafter she became limp, her eyes rolled 
backwards and she became unresponsive. Her parents started CPR and ambulance 
arrived within 10 min of the event.

After the girl’s sudden death, a post mortem examination was performed on coro-
ner’s request. It revealed that there were no anatomical cardiovascular abnormali-
ties. There were no anatomical abnormalities in other internal organs. Microbiology, 
virology and toxicology testing was unremarkable. There was no evidence of meta-
bolic disease (Oil-Red-O stain was used as a screening test for metabolic disorders). 
Neuropathology examination showed acute global cerebral hypoxia which was con-
sistent with clinical presentation. Karyotype was normal female 46 (XX).

By the time of genetic appointment the results of parental studies were available. 
Genetic testing in the mother revealed that she had the genetic change in the KCNQ1 
gene and both genetic changes in SCN5A gene were detected in the father. During 
focused history taking, the father reported occasional episodes of palpitations and 
lightheadedness when getting up from a sitting position, but there were no syncopal 
episodes. He has been fit and well. He had regularly run several miles twice a week 
and in the past he completed a marathon. The mother had two near-fainting epi-
sodes, first one a few years earlier as she was anticipating a bad news from her doc-
tor (stress fracture of the hip), and one during the labour. She has otherwise been fit 
and well, and engaged in moderate intensity exercise.

Based on the above findings the next steps in understanding the clinical impor-
tance of the variants were segregation studies in wider family, and establishing any 
genotype-phenotype correlation in individual family members.

Three generation family history was also obtained during the appointment. 
Details of this are in Fig. 29.1. On the maternal side of the family there was history 
of sudden death in infancy, in maternal great uncle. The cause of death on death 
certificate was documented as suffocation secondary to suppurative bronchitis. 
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Fig. 29.1 (a) Patient-centred care within ICC service. (b) Patient-centred care within ICC service. 
Core ICC MDT members highlighted in blue
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Other than that, there has been no other history of sudden cardiac death and deceased 
members of the family on maternal side lived up to 60 years or even older. On pater-
nal side of the family there was no history of sudden cardiac death, and deceased 
members of the family lived well beyond 60 years of age. Based on family tree, 
there was no clear presence of a condition associated with sudden cardiac death or 
other cardiac symptoms that was being passed down through generations. As a mat-
ter of fact, sudden cardiac death in 18 months old girl appeared to be almost entirely 
an isolated event.

Based on genetic test results in parents, clinical screening for genotype- phenotype 
correlation was indicated. They both have undergone ECG, echocardiography, 
imaging with cardiac MRI, exercise test, 24 h Holter monitoring, and Ajmaline test. 
All tests were entirely normal in mother, who was found to carry a variant of uncer-
tain significance in KCNQ1 gene, previously reported in association with Long QT 
syndrome, but overall of uncertain significance. The conclusion was that there was 
no phenotypical evidence of Long QT syndrome in her. Except for cardiac MRI the 
results of the same tests were normal in the father. He was thought to be in risk of 
developing symptoms associated with Brugada syndrome, as he was found to be a 
carrier of a pathogenic mutation in SCN5A gene and in the same copy of the gene a 
carrier of another variant of unknown significance. His MRI revealed mildly 
impaired left ventricular function (52%), and mildly dilated right ventricle with 
normal function. It was agreed that these findings would be were reevaluated after 
he stopped exercising for 3 months. Reassessment did not show any changes in his 
left ventricular function. This has remained stable, 2 years since initial diagnosis. As 
the father is a carrier of a pathogenic mutation in SCN5A gene responsible for 
Brugada syndrome, the advice given to him in terms of managing his risk of arrhyth-
mia has been:

 – to be cautious with medications known to be contraindicated in Long QT syn-
drome and Brugada syndrome;

 – to have aggressive treatment in the case of infection or high fever;
 – to engage in moderate intensity exercise and avoid professional resistance 

training.

His clinical management in terms of monitoring has been thoroughly discussed 
at the ICC MDT meeting, with particular emphasis on management from electro-
physiology point of view. The multidisciplinary team recommendation was that he 
would not need repeat of Ajmaline test, but annual ECG, 24 h Holter monitoring, 
and echocardiogram were recommended.

For better understanding of pathogenicity of variants, further segregation studies 
in wider family were performed. This showed that KCNQ1 variant was maternally 
inherited in the mother. Deceased girl’s maternal grand-mother had undergone clin-
ical investigations (ECG, echocardiogram, 24 h Holter monitoring) and there was 
no clinical evidence of Long QT or Brugada syndrome.

On the father’s side variant of unknown significance (VUS) in SCN5A gene was 
paternally inherited, whilst likely pathogenic variant appears to have arisen de novo 
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in the father. Deceased girl’s paternal grandfather was found to have left bundle 
branch block (LBBB) and moderately impaired left ventricular function (with 
prominent trabeculations in the left ventricle). He has been known to have a long- 
standing hypertension, and he complained of left sided non-specific chest pains and 
exertional shortness of breath. There was no history of pre-syncopal or syncopal 
episodes. With increase in the dose of antihypertensives some of his symptoms have 
improved. He has undergone further investigations and 24 h Holter monitor did not 
reveal any arrhythmia. Previously his coronary angiogram showed normal coronar-
ies. He was due to have a stress MRI, which is reported normal.

Along with detailed investigations within the family, for better understanding of 
the genetic findings, the couple (parents of the deceased girl) was also keen to 
expand family, and to have children. This was another reason why understanding 
the genetic basis of sudden death in their first child was important. With all investi-
gations into the cause of sudden death in their daughter, it was difficult to say 
whether pathogenic variant of SCN5A gene was solely responsible for her risk of 
sudden death. It may well have been that a combination of all three variants has 
increased her own risk (our knowledge does not extend to this realm as yet). If we 
assumed that this was due to presence of all three variants the risk for this couple to 
have another child with similar risk of sudden cardiac death would be 1 in 4 (25%). 
However, if we take that SCN5A variant was definitely pathogenic, and arose de 
novo in the father, there was 50% risk of this variant to be passed on to the offspring. 
The difficulty would be to estimate the risk of sudden cardiac death associated 
solely with pathogenic SCN5A variant. With this in mind the couple were keen to 
explore options for avoiding the condition in the offspring.

Prenatal diagnostic testing was discussed with them in the first instance. It is 
performed either through choriovillious sampling (CVS) after 11 weeks of preg-
nancy, or amniocentesis after 16 weeks of pregnancy. Based on the results, in the 
couple’s future pregnancies prenatal diagnosis could have been offered for patho-
genic variant in SCN5A only, but not for the other two variants of unknown signifi-
cance. Risk of miscarriage with prenatal diagnostic testing is 1–2%, and it is 
generally accepted if a couple would consider termination of pregnancy (if the fetus 
was affected). After discussing pros and cons of prenatal diagnostic testing the cou-
ple decided that this was not something they wanted to make a use of.

They were keen to explore the option of pre-implantation genetic diagnosis 
(PGD). Therefore they were referred to Consultant Genetic Counsellor for PGD 
within Regional Genetics Service. Even though the principles of this technique have 
been known for a few decades, it is still relatively new in clinical practice. It involves 
identifying genetic defects in embryos created through in vitro fertilization (IVF). 
Following this, only unaffected embryos are transferred to the uterus for implanta-
tion. This is a complex and lengthy process (Pre-implantation Genetic diagnosis 
(PGD), [11]) and at the time, SCN5A mutations, as a cause of Brugada syndrome, 
were not licensed by the Human Fertilisation Embriology Authority (HFEA) for use 
in PGD. Setting up PGD for a new condition involves several different stages and in 
total takes up approximately 18  months. Details of the process are outlined in 
Fig. 29.2.
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After detailed counseling on what the process would involve the couple decided 
to go for alternative reproductive option—using a sperm donor (and thus avoid pos-
sibility of SCN5A pathogenic variant being passed on). This required involvement 
of Fertility Medicine team and they were referred appropriately. Process was suc-
cessful, and the couple now has a daughter.

Their second daughter has 50% chance of having inherited variant of unknown 
significance in KCNQ1 gene from her mother. However, there is no benefit of 
genetic testing in her for a VUS. She was clinically reviewed by Pediatric Cardiology 
team and was found to have a normal electrocardiogram and echocardiogram. There 
was no phenotypical evidence of Long QT syndrome in her. She will remain under 
regular Cardiology follow up.

29.4.1.2  Discussion
This complex case illustrates the need for multi-disciplinary team coordinated care 
for the family following a tragic death of an 18 month olds girl. Management of all 
aspects of Sudden Arrhythmic Death Syndrome would not be possible, by any one 
individual service only. Chapter 8 of the National Service Framework in the UK 
requires NHS to provide dedicated clinic to assess families with appropriately 
trained staff [12].

The care for the family was primarily coordinated by Cardiac Genetic Nurse, who 
was the first point of contact for any queries. Answering questions to all family mem-
bers individually often involved having good access to a number of specialist services. 
It also involved psychological support in managing anxiety in different family mem-
bers. Communication was via emails and telephone conversations, but also as part of 
clinic appointments with multidisciplinary ICC service. Cardiac Genetic Nurse was 
also involved in obtaining post mortem report, genetic test results, family physician’s 
reports, local general cardiac investigation reports, etc. Detailed history from the par-
ents, as well as three generation family tree was obtained by Cardiac Genetic Nurse.

Based on genetic test results clinical screening of different family members 
required involvement of: Consultant Electrophysiologist, Heart failure consultant 

HFEA licence
application made
and submitted

HFEA decision
process

Funding
application
made and 
submitted

Funding decision
(average)

New test
development in
laboratory

Medical ACU
appointment
and waiting 
time to start 
cycle

4 weeks 3 weeks4 months 3 months 6 months 3 months

TOTAL TIME: approximately 18 months

Fig. 29.2 Standard timeline for setting up PGD for a new condition
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with specialist interest in ICCs, and Pediatric Cardiologist who assessed the cou-
ple’s second daughter. For assessment of members of a wider family local Cardiology 
services were also involved.

Interpretation of genetic test results of individual members of the family required 
input from Consultant Cardiac Geneticist and Clinical Scientist. Performing of seg-
regation studies was also carried out with involvement of Cardiac Geneticist. Their 
role was also in counseling the couple on recurrence risk in future offspring, and 
offering the options for prenatal diagnosis, and pre-implantation genetics. The cou-
ple explored different strategies in minimizing the risk of sudden cardiac death in 
offspring, before deciding to proceed with the option of a sperm donor. Advice and 
management plan has been highly individualized in this particular case, and required 
further input from Consultant in Pre-Implantation Genetics, and input from 
Reproductive Medicine team.

In conclusion, management of families with the history of SADS is complex and 
lengthy process that involves comprehensive multidisciplinary team approach.

29.4.1.3  Summary and Learning Points
In deceased 18 months old girl, based on clinical history and post mortem examina-
tion diagnosis of Sudden Arrhythmic Death Syndrome (SADS) was suspected and 
therefore molecular autopsy was performed (see Tables 29.1, 29.2, 29.3, 29.4, 29.5 
Her DNA was tested in 2012 for the mutations in the following genes: KCNQ1, 
KCNH2, KCNE1, KCNE2, and SCN5A. It revealed three genetic variants that in 
given clinical context may be of significance.

Table 29.1 Learning points [13]

For diagnosis of sudden arrhythmic death syndrome (SADS) the following points need to be 
fulfilled
       • Sudden death in patients between the ages 1–40 without previous cardiac history
       • Patients were seen well and alive 12 h prior to death
       • Coroner’s post mortem confirmed structurally normal heart
       • Toxicology screen was normal
Underlying causes of SADS
       • Long QT syndrome
       • Brugada syndrome
       • Catecholaminergic polymorphic ventricular tachycardia
Focused history taking
       • Important to find out if there have been any previous syncope, seizures, pre-syncope
       •  Important to elicit any major triggers relevant for inherited arrhythmia syndrome: 

exercise, emotional stimuli sleep and rest

Table 29.2 Learning points

Delete row

Delete
Molecular autopsy refers to extracting DNA during postmortem examination from blood or 
other organ tissues (heart spleen, liver) for molecular analysis; in this case it involved genetic 
testing for mutations in the genes known to be associated with SADS
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Table 29.3 Certified 
diagnostic molecular 
laboratories consider a 
number of lines of evidence 
when evaluating sequence 
variant pathogenicity [14]

These involve
       1. Variant databases including Locum Specific Databases
       2.  Presence or absence on Single Nucleotide 

Polymorphism (SNP) databases
       3. Testing matched controls
       4.  Co-occurrence (in trans) with known deleterious 

variants
       5. Co-seggregation with the disease in the family
       6.  Occurrence of a new variant concurrent with the 

(sporadic) incidence of the disease
       7. Species conservation
       8. In silico prediction of pathogenic effect
       9. In silico splice site prediction
     10. RNA studies
     11. Functional studies
     12. Loss of heterozygosity
     13. An integrated evaluation of sequence variants

Table 29.4 Following in depth analysis of available 
lines of evidence, variants are classified by the 
certified laboratories in five classes

Class 1 clearly not pathogenic
Class 2 unlikely pathogenic
Class 3 unknown significance (VUS)
Class 4 likely to be pathogenic
Class 5 clearly pathogenic

Table 29.5 Learning points—screening of SADS families

• Counseling is integral part of screening of families with SADS
•  Implications of genetic testing and clinical screening need to be well understood by family 

members
• Possible outcomes of screening need to be clearly explained before the screening

In SCN5A gene she was found to have two variants-

 1. Heterozygous for c.1066G>A (p.Asp356Asn)

Analysis of pathogenicity of this variant revealed that:

 – It has previously been reported in the literature in association with Brugada syn-
drome and Brugada-like syndrome in infancy [15, 16].

 – It has not previously been detected in apparently normal control samples.
 – p.Asp356 amino acid residue is highly conserved across species and lies within 

a functionally important region of the protein.
 – p.Asp356Asn represents substitution of a negatively charged amnio acid to 

uncharged amino acid.
 – In vitro functional studies have demonstrated that this variant affects protein 

function [16].
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Based on laboratory analysis of the variant and literature search the overall con-
clusion was that this variant is highly likely to be pathogenic and this was consistent 
with the diagnosis of Cardiac Sodium Channelopathy.

 2. Heterozygous for c.5260A>T (p.Thr1754Ser)

Investigations into pathogenicity of this variant revealed that:

 – This variant has not previously been reported in the literature.
 – p.Thr1754 is highly conserved across species.
 – p.Thr1754 is located in the functionally important region of the protein and 

pathogenic missense variants have been reported in this domain with both Long 
QT syndrome and Brugada syndrome.

 – p.Thr1754Ser is exchange of two small, uncharged, polar amino acids.

Overall laboratory concluded that the pathogenicity of this variant was uncertain 
and further analysis including parental studies were recommended.

In KCNQ1 gene she was found to be heterozygous for c.458C>T (p.Thr153Met). 
Analysis of the pathogenicity of this variant revealed that:

 – This variant has been reported in the literature in association with Long QT syn-
drome. The variant has been detected with a frequency of 1 in 1000 in NHLBI 
Exome Sequencing Project (ESP) cohort [17].

 – p.Thr153Met is conserved across vertebrates and lies within a functionally 
important domain of the protein

 – p.Thr153Met is an uncharged polar to non polar amino acid exchange

Overall, laboratory concluded that this is a variant of uncertain pathogenicity and 
further analysis was recommended including parental studies.

29.4.2  Clinical Case 2

29.4.2.1  Case History
A 54 years old man was referred by his GP to one stop ICC clinic based on his per-
sonal and family history.

He had been a fit and well man, who at the age of 18 noticed decrease in strength 
of his legs. The weakness was initially progressive, but remained restricted to distal 
lower limbs. Clinically there was symmetrical muscle wasting in the calves and 
shins, and there were reduced ankle reflexes. Based on clinical findings he was 
diagnosed with Charcot-Marie-Tooth disease. His symptoms remained static for 
nearly 14 years and his diagnosis on a further neurology review was made to be that 
of a distal spinal muscular atrophy (DSMA). As his symptoms were stable, he did 
not require Neurology input for nearly 9 years.
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In the meantime, at the age of 49 he presented with an episode of lightheaded-
ness and was found to be in atrial flutter. His treatment included medical manage-
ment, DC cardioversion, and flutter ablation. He also required dual chamber 
permanent pacemaker insertion for AV block. He remained under Cardiology fol-
low- up as he occasionally experienced palpitations (awareness of fast irregular 
heart beat) and was found to be in paroxysmal atrial fibrillation (AF burden on pac-
ing check <1%).

At the age of 52, he was seen by Neurology service on his own request, following 
a road traffic accident (patient was a driver of a car involved in the accident). He was 
worried about the RTA impact on his underlying neurological condition. Clinically, it 
was thought that his neurological condition had not deteriorated. He went on to have 
an MRI spine which did not reveal any significant abnormalities. He also had nerve 
conduction studies which were somewhat equivocal showing both neuropathic and 
myopathic features. Findings in this gentleman, from neurological perspective, were 
most consistent with distal motor neuropathy and mutation analysis of BSCL2gene 
was performed. No mutations were identified in this patient in BSCL2 gene.

His family history was reviewed during his appointment with ICC team. It 
revealed that his father died suddenly at the age of 78 with a pacemaker in situ. Post- 
mortem examination was performed and it showed that the cause of death was myo-
cardial ischaemia. Patient’s father had four brothers and one sister, all of whom had 
pacemakers at some stages of their lives. Two paternal uncles died of heart related 
complications. One of the cousins on the paternal side died suddenly (no prior 
symptoms reported) at the age of 44, but post-mortem examination was not per-
formed. Except for our patient no other family member had any muscular involve-
ment. Patient himself has three children and he was concerned if his condition had 
any implications for their health. Family pedigree is on Fig. 29.3.
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Fig. 29.3 Family pedigree for clinical case 2
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Initial review of patient’s personal and family history did not give clear clues 
towards unifying diagnosis of an inherited condition. There was a suggestion that 
muscle biopsy may be a way forward in revealing the underlying cause of his pre-
sentation. Diagnosis of laminopathy Table 29.6 or possible channelopathy was also 
considered (during clinical review with Consultant Clinical geneticist), but there 
were no sufficient phenotypical features to support investigations in these direc-
tions. Therefore, the case was discussed at ICC MDT meeting and recommenda-
tion was made to clinically screen patient’s first degree relatives for any cardiac 
abnormalities.

As family clinical screening was underway, patient had further review in 
Neurogenetics clinicby one of the experts in the field. This was initiated by the team 
to consider genetic testing by an NCG service service. His symptoms have deterio-
rated somewhat over time, but were still restricted to the distal legs. Dropped foot 
gait was clinically prominent. Patient remained physically active, attending the gym 
3 times a week where he did both cardio and weight exercises, with the aim of keep-
ing fit and healthy. His phenotype was considered in the context of possible inher-
ited condition and phenotypically his presentation was in keeping with 
Charcot-Marie-Tooth. As there has been personal and family history of a conduc-
tion disease, testing for mutations in Lamin A/C was requested. Various Lamin A/C 
phenotypes are in learning points Table 29.7.

Prior to mutation analysis in _Lamin A/C gene patient had genetic counseling. 
The session involved understanding of the possible outcomes of genetic testing:

 1. If a mutation in Lamin A/C gene was found, that would be the explanation of his 
symptoms and this might have impact on further management of his condition. 
Predictive testing for the same mutation in that case can be offered to all his first 
degree relatives.

 2. If a variant of unknown clinical significance was found in the Lamin A/C gene 
this might not provide the explanation for patient’s symptoms and there will be 
uncertainty if the variant had disease causing properties. Predictive genetic test-
ing could not be offered to his first degree relatives, but family studies might be 
recommended.

 3. If no mutation was found in Lamin A/C gene, no further insight would be gained 
into genetic basis of his condition, but it might mean that other explanations for 
his presentation may need to be considered.

Table 29.6 Lamin A/C phenotypes [18]

       •  The laminopathies are a diverse group of conditions caused by mutations in the LMNA 
gene (MIM*150330)

       •  LMNA encodes the nuclear envelope proteins lamin A and lamin C by utilization of an 
alternative splice site in exon 10

       •  More than 10 distinct phenotypes have been associated with lamin A/C mutations 
(Table 29.7)
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Mutation analysis of Lamin A/C gene revealed that the patient was heterozygous 
for a mutation c.949G>A (p.Glu317Lys) in exon 6. This mutation has been previ-
ously reported as pathogenic in Leiden Muscular Dystrophy database (http://www.
dmd.nl/). Molecular analysis also included testing for any insertions or deletions 
within the gene (MLPA), but no abnormality was found. Based on the clinical find-
ings the sequence mutation was the explanation of patient’s personal and family 
history. Further to genetic test result, the next step in clinical management of the 
patient was to determine his risk of sudden cardiac death.

Results of studies looking at the risk of sudden cardiac death in Lamin A/C muta-
tion carriers were available at the time (Tables 29.8 and 29.9). They demonstrated 
that Lamin A/C mutation carriers are at risk of sudden cardiac death because of 
malignant ventricular arrhythmias [20]. Implantation of an ICD in this group of 
patients based on the results of the studies seemed justifiable, although studies did 
not directly look at efficacy of ICD implantation or it effect on survival. Therefore 

Table 29.7 Clinical phenotypes associated with lamin A/C mutations

Syndromes associated 
with LMNA mutations Clinical features Inheritance
Emery-Dreiffus 
muscular dystrophy 
(MD)

Muscle weakness, contractures, cardiac involvement 
(DCM and arrythmia)

AD/AR

Isolated heart disorders Conduction disease AD
Dilated cardiomyopathy
Malignant ventricular arrhythmia

Limb-girdle MD Hip and shoulder girdle muscle weakness; DCM; AV 
block and sudden cardiac death;

AD

Severe congenital form 
of MD

Severe hypotonia, delayed motor development, 
failure to thrive, respiratory insufficiency

AD

Charcot Marie tooth 
axonal neuropathy

Pes cavus AR
Feet deformities
Distal muscle weakness
Areflexia/Hyporeflexia

Familial partial 
Lipodystrophy of 
Dunnigan type, FPLD

Abnormal fat distribution (loss of fat in limbs, trunk 
and gluteal region); insulin-resistant diabetes

AD

Hutchinson-Gilford 
progeria

Premature ageing (median life expectancy 
13.4 years); absence of subcutaneous fat tissue; 
osteoporosis

AD/AR

Restrictive dermopathy, 
lethal

Tight, rigid skin, with skin fissures and erosions, 
dysmorphic facial features, multiple internal organ 
involvement leading to premature birth, stillbirth or 
in, liveborns often die within the first week.

AR

Mandibulo acral 
dysplasia

Craniofacial and skeletal abnormalities, abnormal fat 
distribution

AR

Heart-hand syndrome, 
Slovenian type

Brachydactyly more in feet, proximal muscle 
weakness, AV block, DCM, malignant ventricular 
arrythmia

AD

G. Carr-White and R. Leema
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following further ICC MDT discussion the patient had ICD implanted. He remains 
under follow up by Cardiology and Neurology team.

His first degree family members underwent both clinical screening and predic-
tive genetic testing. Combined outcome of clinical and genetic testing is in the 
Table 29.10.

29.4.2.2  Discussion
This interesting case illustrates complexity of inherited cardiovascular conditions, 
and difficulties in making clinical and genetic diagnosis. Patient’s history of neuro-
logical problem spans period of nearly 40 years, starting in the era when there was 
no knowledge of Lamin A/C mutations. Reaching the diagnosis required input from 
various specialists over prolonged period of time. The recommendation for Lamin 

Table 29.8 Independent risk factors for malignant ventricular arrhythmias in lamin A/C mutation 
carriers ([19])

       • Non-sustained ventricular tachycardia
       • Left ventricular ejection fraction <45% at the first clinical contact
       • Male sex
       • Non-missense mutations (ins/del/truncating mutations)
Malignant ventricular arrhythmias occur typically in individuals with at least 2 of these 
factors.

Table 29.9 Independent risk 
factors for malignant ventricular 
arrhythmias in lamin AC mutation 
carriers [19]

       • Non-sustained ventricular tachycardia
       •  Left ventricular ejection fraction <45% at the 

first clinical contact
       • Male sex
       •  Non-missense mutations (ins/del/truncating 

mutations)

Malignant ventricular arrhythmias occur typically in 
individuals with at least 2 of these factors

Table 29.10 Summary of results of clinical and genetic testing within family presented in clinical 
case 2

Individual

Genetic 
test 
results

Cardiac or 
neurological 
symptoms ECG Holter Echo ETT

Amalin 
test CMR

II-2 ??? Asymptomatic Normal Normal Normal ? ? ?

III-1 Not a 
mutation 
carrier

Palpitations Normal 1 dropped 
beat; 
nocturnal 
Wenchenbach

Normal ? ? ?

III-2 Mutation 
carrier

Muscle 
twitches that 
last for weeks

Normal Normal ? Normal Negative Normal

III-3 Mutation 
carrier

Asymptomatic Normal Normal Normal ? ??

29 Multi-Disciplinary Management of Inherited Cardiovascular Conditions
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A/C gene testing was instigated by Neurologist in this particular case. Neurology 
clinical findings were most consistent with Charcot-Marie-Tooth (autosomal reces-
sive form of peripheral nerve laminopathy). This highlights the need for involve-
ment of multiple professionals in care of patients with ICC.

Even when diagnosis was reached and confirmed by genetic testing, clinical 
management of the patient remained a challenge. This is primarily due to scarce 
evidence for benefit of any interventions in this relatively small group of patients. In 
situations like this review of literature may be a starting point, but overall clinical 
decision is best reached in multidisciplinary setting, taking into account patient’s 
wishes and their individual circumstances [21].

29.4.2.3  Summary and Learning Points
Establishing the diagnosis in patients with laminopathies is rarely a straightforward, 
particularly taking into account the number of different phenotypes patients present 
with. Furthermore, identifying those at risk of sudden cardiac death represents clini-
cal challenge and decisions on management of individual patients are best reached 
in multidisciplinary setting.

Charcot-Marie-Tooth syndrome

• Charcot–Marie–Tooth (CMT) disease or hereditary motor and sensory neuropa-
thy is traditionally classified according to clinical, electrophysiological, morpho-
logical and genetic criteria.

• CMT disorders are divided into two groups on the basis of nerve conduction 
studies. Type 1—demyelinating type and Type 2—axonal type

• Dominant, Recessive and X-linked types of inheritance have been described.
• Autosomal recessive axonal CMT (AR CMT2) is associated with mutations in 

lamin A/C.
• Weakness and amyotrophy of the upper limbs and involvement of the proximal 

muscles of the lower limbs are frequent in Lamin A/C associated AR CMT2.

Lamin A/C phenotypes: [18]

• The laminopathies are a diverse group of conditions caused by mutations in the 
LMNA gene (MIM*150330).

• LMNA encodes the nuclear envelope proteins lamin A and lamin C by utilization 
of an alternative splice site in exon 10.

• More than 10 distinct phenotypes have been associated with lamin A/C muta-
tions (Table 29.1)

• DCM with conduction system disorders is one of the well recognised phenotypes 
of laminopathy

In this family,

• The proband had consistent clinical features of CMT2 and had long standing 
clinical diagnosis

G. Carr-White and R. Leema
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• Although there have been several reports of conduction abnormalities, dilated 
cardiomyopathy has not been associated with CMT2.

• The presence of a significant FH of pacemaker insertions and heart failure on 
assessment in the ICC service raised the possibility of two distinct pathologies in 
our proband.

• Laminopathy as a possible explanation for early onset cardiomyopathy with con-
duction abnormalities was explored

• Multidisciplinary involvement with cardiology, neurology and genetic teams 
lead to the diagnosis of laminopathy in this family.

• Genetic testing is still ongoing in the proband for CMT2.

Independent risk factors for malignant ventricular arrhythmias in lamin A/C 
mutation carriers: [19]

• Non-sustained ventricular tachycardia
• Left ventricular ejection fraction <45% at the first clinical contact
• Male sex
• Non-missense mutations (ins/del/truncating mutations)

Malignant ventricular arrhythmias occur typically in individuals with at least two 
of these factors.

• (MNCV): (1) demyelinating types (CMT1) with (MNCV) with MNCV 438
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Abstract
Inherited cardiac conditions comprise many different structural and cardiac rhythm 
abnormalities. Many are asymptomatic and can be detected as an incidental finding 
or during routine medical screening and require pedigree evaluation, risk stratifica-
tion, and ongoing long-term surveillance. Structural inherited cardiac conditions 
(ICC) can cause heart failure with primary heart muscle defects, impaired ventricu-
lar function, pump failure or sudden cardiac death. The arrhythmic ICC can present 
with a range of arrhythmias as a result of different channalopathies and notably 
brady and tachy arrhythmias and sudden cardiac death (SCD).

Keywords
Inherited cardiac conditions (ICC) • Cardiac devices • Cardiac resynchronization 
therapy • Sudden cardiac death (SCD)

30.1  Introduction

Inherited cardiac conditions comprise many different structural and cardiac rhythm 
abnormalities. Many are asymptomatic and can be detected as an incidental finding 
or during routine medical screening and require pedigree evaluation, risk stratifica-
tion, and ongoing long-term surveillance. Structural inherited cardiac conditions 
(ICC) can cause heart failure with primary heart muscle defects, impaired ventricu-
lar function, pump failure or sudden cardiac death. The arrhythmic ICC can present 
with a range of arrhythmias as a result of different channalopathies and notably 
brady and tachy arrhythmias and sudden cardiac death (SCD) (Fig. 30.1).
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30.2  Cardiac Devices

Cardiac devices in ICC primarily include permanent pacemakers (PPM) and 
implantable cardiac defibrillators (ICDs). These devices can be either the sole treat-
ment for patients or as part of the treatment strategy for patients with ICC.

Transvenous permanent pacing and defibrillator systems consist of a generator which 
is connected to the cardiac endocardium or epicardial surface by one or more leads 
(Figs. 30.2 and 30.3).

ASYMPTOMATIC

HEART FAILURE

INHERITED
CARDIAC

CONDITION

ARRHYTHMIA

STRUCTURAL

• Premature coronary disease• Incidental finding

• Pedigree screening

• Risk stratification

• Long-term surveillance

• Primary heart muscle defect • Channelopathy

• Preserved ventricular function

• Brady-arrhythmias

• Tachy-arrhythmias

• Impaired ventricular function

• Sudden cardiac death

• Pump failure symptoms

• Valvulopathies

• Septal defects

• Septal hypertrophy

ICC: presentationsFig. 30.1 A summary 
outlining the wide range of 
presentations for inherited 
cardiac conditions

Fig. 30.2 Pacemaker pulse 
generator 
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30.2.1  Implantation

Device implantation is a procedure performed by cardiologists in either an operat-
ing room or catheterization laboratory designed with appropriate standards of ven-
tilation and temperature control for sterile procedures. The procedure is performed 
under strict aseptic technique and in sterile conditions with thorough attention 
required to reduce the risk of device related infections.

The procedure is more commonly performed under local anaesthetic, with the occa-
sional use of intravenous sedation and analgesia. This is to improve patient comfort 
during the procedure. However, rarely devices are implanted under general anaesthetic. 
The most common reason for this option would be patients suffering with severe anxiety 
whom would otherwise be unable to tolerate the procedure under local anaesthetic.

The main reasons for implantation under local anaesthetic include firstly, avoid-
ance of the need for an anaesthetist. Secondly, the use of local anaesthetic avoids the 
potential pitfalls which maybe encountered in patients with a range of medical prob-
lems and co morbidities undergoing a general anaesthetic.

Cardiac devices are most commonly implanted in the region 2–3 cm inferior to 
the left clavicle and medial to the deltopectoral groove. The second most common 
site is the same region but on the right side.

The left side is most commonly used due to the fact that most patients are right 
hand dominant. This is important because following pacemaker implantation, a 
period of reduced range of arm movement in the operated side is advised to reduce 
the likelihood of pacemaker lead displacement. Another reason for implantation on 
the left side is that there is often a less acute angle between the subclavian vein and 
innominate vein compared to the right side. This makes manipulation of the leads 
easier. However, one disadvantage of a left sided approach is the small incidence of 
a persistent left sided superior vena cava which drains into the coronary sinus rather 
than into the right heart directly [1].

Prior to the surgical incision, the site is cleaned thoroughly with an aseptic solu-
tion and the surrounding area covered with sterile drapes to create a sterile operating 
area. During the procedure, the patient is continuously monitored with a combina-
tion of blood pressure, electrocardiograms (ECGs), and pulse oximetry.

Under local anaesthetic, a surgical skin incision is made either as a horizontal 
line parallel to the clavicle or vertically in the deltopectoral groove. The choice of 
incision is sometimes operator dependent depending on their preferred means of 
vascular access (Fig. 30.4).

Fig. 30.3 Permanent pacemaker 
leads

 

RV lead tip helix
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In transvenous cardiac devices, venous access is typically achieved through one 
of three potential different access points. The veins used are either the subclavian, 
axillary or cephalic veins.

The seldinger technique is used to gain venous access to the subclavian and axil-
lary veins. The cephalic vein is located in the deltopectoral groove and often requires 
surgical dissection to locate it and under direct vision, a venotomy to gain venous 
access for implantation of the leads. The main advantage of the cephalic vein 
approach is with regards safety as it avoids the potential complication of a pneumo-
thorax or haemothorax [1].

Once venous access is achieved, a guide wire is passed and ‘peel’ away sheaths 
are used to allow for insertion of the leads into the right heart chambers.

There are atrial and ventricular pacing leads which are fixed in the right atrium 
and ventricle respectively. ICD leads are positioned into the right ventricle. In the 
case of biventricular devices, left ventricular leads are placed in cardiac veins 
through the coronary sinus. Implantation of the leads is performed using fluoros-
copy to correctly position the leads. There are principally two types of pacing leads, 
and this refers to how the leads are fixed to the endocardium. Active fixation leads 
have a helix mechanism which is ‘screwed’ into the endocardial surface. Passive 
fixation leads have tiny ‘prongs’ that anchor into the right ventricular trabeculations. 
There are potential advantages and disadvantages for both types of leads.

Active fixation leads have the advantage that they can be placed in a variety of 
different positions including in the right ventricular septum and lateral atrial wall. 
This option is important in patients whom may have for example, scar tissue and 
hence different pacing positions can be tried to ensure the best possible parameters. 
Passive atrial and ventricular leads are invariably limited to either the right atrial 
appendage or ventricular apex respectively. In addition, active fixation leads tend to 
be preferred in younger patients because of their easier removal of chronic implants 
in the case of system extraction for device related infection [1].

Once the leads have been correctly positioned, the leads are secured with internal 
sutures and then connected to the pulse generator or ‘box’. The generator is buried 
in a ‘pocket’ which is in the infraclavicular region close to the area of venous access. 
The pocket is located either just above prepectoral fascia layer or placed 

Fig. 30.4 The typical position of 
surgical incisions for device 
implantation
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subpectorally. A subpectoral pocket is typically employed in patients with very little 
subcutaneous tissue, large generators and the concern of future erosion.

30.2.2  Post Procedure Management

Following implantation of cardiac devices, post procedure management includes 
ordering of a posteroanterior and lateral chest radiographs. This is to ensure satis-
factory lead positioning and to exclude a pneumothorax in patients whom have had 
their device implanted using the subclavian or axillary approach. In addition, the 
wound should be checked to ensure adequate haemostasis and the absence of a hae-
matoma. The device should be interrogated to ensure satisfactory functioning prior 
to discharge from hospital (Fig. 30.5).

The patient should be offered analgesia and general advice with regards to limit-
ing the movement of ipsilateral arm particularly overstretching movements to mini-
mise the risk of lead displacements for the first few weeks. The wound should be 
kept dry for a week.

In addition, the patient should be made aware of potential driving restrictions 
imposed following device implantation. The current Driver and Vehicle Licensing 
Agency (DVLA) guidelines [2] are shown in Table 30.1.

30.2.3  Complications

Patients whom undergo implantation of cardiac devices are unfortunately poten-
tially at risk of device related complications. These complications can be classified 

Fig. 30.5 Venogram demonstrating the venous system of the upper limb
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as acute or delayed depending when they occur in relationship to the timing of the 
device implant. Acute complications are considered to occur during or soon after 
the procedure. Delayed complications can occur from days to weeks and even years 
following the procedure. The potential complications can be further subdivided into 
a complication relating to either to the vascular access, the lead, the generator, the 
wound or the patient. A meta-analysis of over 4000 patients, demonstrated an early 
complication occurs in 5.1% of patients greater than 75 years of age compared to 
3.4% of patients aged less than 75 years [3].

In one series [4], the most frequent acute ppm complication lead displacement, 
followed by pneumothorax and then cardiac perforations. A meta-analysis [5] dem-
onstrated lead displacement rates are higher in CRT devices (5.7%) compared with 
ICD devices (1.8%). This is predominately due to the additional left ventricular 
(LV) lead. The long-term complications of CRT devices in particular infections 
occurred at a rate of 1.0% per year. Device-related events are more frequent in 
CRT-D than in single- or dual-chamber ICDs [6].

Intrinsic device programming can also result in complications including pacemaker 
syndrome, and inappropriate shocks. Extrinsic factors, such as electromagnetic inter-
ference and physically manipulating the device, can also result in problems (Table 30.2).

30.3  Permanent Pacemakers (PPM)

Permanent pacemakers are indicated in patients with bradyarrhythmias. Many 
of the indications for pacing have evolved over the last few decades. These have 
been based on experience without the benefit of randomized clinical trials. This 
is because of the absence of alternative options to treat bradycardias. There are 

Table 30.1 Driver and Vehicle Lincesing Agency (DVLA) guidelines for cardiac devices

Device
Group 1—car and motorcycle 
drivers

Group 2—bus and 
lorry drivers

PPM Driving may resume after 
1 week

Driving may 
resume after 
6 weeks

ICD—for sustained ventricular 
arrhythmia associated with incapacity

Driving must stop for 6 months 
following ICD implant

Driving must stop 
permanently

ICD—with any shock therapy and/or 
pacing for symptomatic tachycardia

Driving must stop for 6 months Driving must stop 
permanently

ICD—with any revision of electrodes 
or alteration of drug treatment

Driving may resume 1 month 
after electrode revision or drug 
alteration

Driving must stop 
permanently

ICD—with defibrillator box change Driving may resume 1 week 
after box change

Driving must stop 
permanently

ICD—if shock therapy delivery was 
due to an inappropriate cause such as 
atrial fibrillation

Driving may resume 1 month 
after complete control of any 
cause

Driving must stop 
permanently

Prophylactic ICD—asymptomatic 
individuals

Driving may resume 1 month 
after implant

Driving must stop 
permanently

Table adapted from the DVLA guidelines [2]
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however, a few special circumstances pacemakers are implanted for alternative rea-
sons. Bradyarrhythmia’s which require cardiac pacing can be caused by a variety of 
different aetiologies [7]. However, the indication for pacing is determined mainly 
by the severity and the patient’s clinical presentation rather than the potential cause 
of bradycardia. It is however important to exclude potentially reversible causes prior 
to PPM implantation (Fig. 30.6) [7].

Table 30.2 Complications of implantable cardiac devices

Complication Acute
Vascular related Pneumothorax hemothorax

Blood vessel damage including arterial or venous 
structures
Nerve damage
Air embolism
Foreign body embolism

Lead related Lead displacement
Cardiac perforation with tamponade
Arrhythmias—either brady or tachy
Lead damage
Damage to the tricuspid valve

Generator related Haematoma
Pain
Lead and generator connection issues

Complication Delayed
Lead related Lead displacement

Lead related endocarditis
Upper limb thrombosis
Lead damage/fracture
Lead failure
Inappropriate shocks

Generator related Haematoma
Infection
Pain at site of device
Erosion of device
Scar
Pacemaker syndrome

Table adapted from Cardiac Pacing and ICDs by Ellenbogen K.A., Wood M.A. [1]

Fig. 30.6 Photograph 
demonstrating the ‘prongs’ of a 
passive pacemaker lead
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The current European [8] and American [9] guidelines for cardiac pacing dif-
ferentiate between sinus node disease and atrioventricular (AV) heart block. The 
current class 1 indications are symptomatic sinus node disease and either third or 
second-degree type 2 AV heart block irrespective of symptoms [7] Table 30.3.

Permanent pacing can either be dual or single-chamber (ventricular and atrial).
There are different pacing modes and these have been compared in a variety of large 
multi-centre, randomized trials and meta-analyses. These have demonstrated, par-
ticularly in patients with sinus node disease, that dual-chamber pacing reduces the 
incidence of atrial fibrillation (AF) and PPM syndrome [10]. This has the effect of 
resulting in an improved quality of life [11] (Table 30.4) (Fig. 30.7).

30.3.1  Clinical Case: 1

A 20-year-old man with Myotonic dystrophy, was admitted to hospital following 
recurrent episodes of transient loss of consciousness. On admission, this man’s 
examination was normal with no abnormalities of his blood pressure. His 12-lead 
ECG showed first degree heart block and LBBB.

Table 30.3 Pacemaker indications

Class 1 Class 3
    – Symptomatic sinus node disease –  PPM implantation not indicated in asymptomatic 

sinus node disease
    – 3rd degree and 2nd degree AV block –  PPM implantation not indicated in patients with 

AV block due to reversible causes
    – Alternating bundle-branch block –  PPM implantation not indicated for 

asymptomatic type I 2nd degree AV block at the 
supra-his level

    –  Recurrent unpredictable syncope due 
to dominant cardioinhibitory carotid 
sinus syndrome

–  PPM implantation not indicated for 
asymptomatic patients with bundle-branch block

    –  PPM implantation not indicated in 
asymptomatic patients with the absence of a 
documented cardioinhibitory reflex

Adapted from the current European [8] and American [9] guidelines

Table 30.4 Conditions and preferred pacemaker modes

Condition Preferred pacemaker modes
    – Sinus node disease Dual-chamber PPM
    – AV block with sinus rhythm Dual-chamber PPM preferred to single chamber 

ppm
    – AV block with AF Single chamber PPM
    – Intermittent documented bradycardia Dual-chamber PPM
    –  Reflex asystolic documented 

bradycardia
Dual-chamber PPM

    – Carotid sinus syncope Dual-chamber PPM

Adapted from the current European [8] and American [9] guidelines
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An TTE demonstrated a structurally normal heart. His other investigations, 
including bloods were within normal limits.

A diagnosis of likely intermittent complete heart block as a cause of his transient 
loss of consciousness was made.

He subsequently underwent implantation of a dual chamber permanent pace-
maker without complication. At follow up, over the following year, he remained 
well with no further episodes of loss of consciousness.

30.4  Cardiac Resynchronization Therapy (CRT)

In addition to single and dual chamber pacing devices, cardiac resynchronization 
therapy (CRT) is used, i.e. biventricular pacing modes. The class 1 indications for 
CRT are patients with chronic heart failure with a left bundle branch block (LBBB) 
electrocardiogram (ECG) appearance with a QRS duration greater than >130 ms in 
patients with severe left ventricular ejection fraction (LVEF), less than 35% and 
symptomatic heart failure despite optimal medical management [12]. In addition, 
patients with impaired left ventricular (LV) function whom require right ventricular 
(RV) pacing due to high grade AV heart block [12].

CRT has been shown to restore atrioventricular, inter and intra-ventricular syn-
chrony. In addition, it improves LV function, reduces functional mitral regurgitation 
and helps induce LV reverse remodelling. This results in improved LV filling time 
and function, and a reduction in LV end-diastolic- and end-systolic volumes, mitral 
regurgitation and septal dyskinesis [13]. This has the effect of improving cardiac 
symptoms and reducing morbidity and mortality [14, 15].

The CARE-HF [16] and COMPANION [17] trials demonstrated HF hospitalizations 
and all-cause mortality with CRT-P compared to medical therapy improved symptoms 
and reduced all-cause mortality by 22% and HF hospitalizations by 35% respectively.

Fig. 30.7 Chest radiograph demonstrating the typical positions of the pulse generator, right 
atrial (RA) and right ventricular (RV) leads following device implantation. Chest radiograph 
demonstrating the typical lead positions of the left ventricular (LV), right ventricular (RV) and 
right atrial (RA) leads

RA lead

LV lead

RVICD
lead
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The patients most likely to respond and benefit from CRT are women with a non- 
ischaemic cardiomyopathy. This has been suggested to be due to the lack of scar 
tissue. The presence of a wide QRS duration and in particular the presence of a 
LBBB morphology. These factors have been shown to predict patients whom will 
have a beneficial response to CRT. The reasons patients are either ‘responders’ or 
‘nonresponders’ has been suggested to relate to the degree of reverse or favourable 
LV remodelling [18] (Tables 30.5, 30.6, and 30.7).

The majority of these trials enrolled patients with LV impairment of less than 
35% and a wide QRS morphology greater than 130 ms (Fig. 30.8).

30.4.1  Clinical Case: 2

40-year-old man presented to the hospital with a 6  month history progressively 
worsening shortness of breath and reduced exercise tolerance. On admission, the 
patient’s examination revealed peripheral pitting oedema extending to his thighs 
bilaterally. In addition, on admission, the patient had mildly impaired renal function 
but normal full blood count. An ECG on admission showed sinus rhythm and the 
presence of LBBB, (QRS 150 ms).

During this man’s admission in hospital, he underwent several investigations 
including, a coronary angiogram which demonstrated smooth coronary arteries. An 
transthoracic echocardiogram (TTE) which showed a dilated LV with severe LV 
systolic function. A urine and blood cardiomyopathy screen was within normal 
limits.

The patient was treated with diuretics and commenced on medical therapy 
including an ACE inhibitor, beta blocker and mineralocorticoid receptor antagonist. 
The patient was subsequently discharged with the plan for ongoing up titration of 
his optimal medical therapy.

Table 30.6 Cardiac resynchronization 
therapy—favourable characteristics pre-
dicting response

    – Women
    – Non-ischaemic aetiology
    – LBBB morphology
    – Wider QRS duration

Adapted from the current European guidelines [12]

Table 30.5 Cardiac resynchronization therapy

Class 1 indication
    –  Patients with heart failure, sinus rhythm, left bundle branch block with a QRS duration 

greater than 130 ms with severe LV ejection fraction less than 35% despite optimal 
medical therapy

    –  Patients with reduced LV ejection fraction whom required RV pacing with high grade AV 
heart block

Adapted from the current European [12] and American [9] guidelines
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Table 30.7 A selection of the major CRT-P/D trial including the designs and outcome results

Major CRT-P/D 
trials Design Outcome
MUSTIC-SR Single-blinded, crossover, 

randomized trial. CRT versus 
optimal medical therapy

Improvement in 6 min walk test, NYHA 
class, quality of life and VO2, reduction in 
LV volumes and MR and reduced 
hospitalizations

PATH-CHF Single-blinded, crossover, 
randomized trial

Improvement in NYHA class, quality of life 
and 6 min walk test and reduced 
hospitalizations

MIRACLE Double-blinded, randomized 
trial. CRT versus optimal 
medical therapy

Improvement in NYHA class, LVEF quality 
of life and 6 min walk test and reduction in 
LV volume and mitral regurgitation

CARE-HF Double-blinded randomized 
trial. Optimal medical therapy 
versus CRT-P

Reduction in all-cause mortality and 
hospitalization Improvement in NYHA 
class and quality of life

COMPANION Double-blinded randomized 
trial. Optimal medical therapy 
versus CRT-P/or versus 
CRT-D

Reduction in all-cause all-cause mortality 
or hospitalization

MADIT-CRT Single-blinded, randomized 
trial. CRT-D versus. ICD,

Reduction in heart failure hospitalizations 
and all-cause mortality and LV volumes

RAFT Double-blinded randomized 
trial. CRT-D versus. ICD

Reduction in all-cause mortality heart 
failure hospitalizations.

MIRACLE- 
ICD

Double-blinded, randomized 
trial. CRT-D versus ICD,

Improvement in NYHA class, quality of 
life, peak VO2

Adapted from ESC guidelines [2]

Fig. 30.8 An ECG demonstrating the biventricular pacing

Biventricular
Pacing Spikes

 

30 Interventions and Implantable Devices for Inherited Cardiac Conditions



850

Following 3 months of optimal medical therapy, a repeat TTE continued to show 
the persistence of severe LV systolic function. Therefore, the patient subsequently 
underwent implantation of a CRT device with the aim to improve the patient’s 
symptoms and to improve his cardiac function.

30.5  Sudden Cardiac Death in Inherited Cardiac Conditions

30.5.1  Definition

Sudden Cardiac Death (SCD) is defined as a diagnosis of exclusion with a variety of 
potential conditions being the cause. A sudden death occurring in an individual older than 
1 year of age is known as sudden unexplained death syndrome (SUDS) [19]. Sudden 
arrhythmic death syndrome (SADS) is a term used to describe SCD in the absence of an 
identifiable cause and in the presence of a structurally normal heart on autopsy [20].

30.5.2  Epidemiology and Etiology

It has been shown that the mortality rate for SCD is higher in men (6.7) than in 
women (1.4) per 100,000 person-years [21]. Approximately 80% of patients 
with SCD have been shown to be due to a structural cardiac condition. In indi-
viduals aged less than 35  years of age, the leading cause of death has been 
shown to be SUD, whilst in individuals over the age of 35, the leading cause is 
coronary artery disease (CAD). For SUD the incidence below 35 and above 
35 years of age is 1.2 and 2 per 100,000 person-years, respectively [15]. Whilst 
CAD as a cause of SCD below 35 and above years has been shown to be 0.7 and 
13.7 per 100,000 person- years respectively [21].

The table below demonstrates cardiac conditions which cause SCD. These can 
vary and can be classified depending on an individual’s age (Table 30.8).

Cardiac arrest occurs most commonly in individuals with underlying structural heart 
abnormalities. It has been shown that in people over the age of 40 years pre- existing 
CAD is the most common cause. In this group, many individuals will have unknown 
CAD [22]. In younger individuals, HCM and LQTs have been shown to be the most 
prevalent cause [22]. LV ejection fraction, notably severe LV systolic dysfunction, has 
been shown to be the most reliable indicator to prognosticate and predict an increased 
risk of sudden death in individuals with CAD [23]. In contrast to risk stratification in 
patients with other causes is more variable and specific to the condition.

Table 30.8 Cardiac conditions that cause sudden cardiac death

Younger individuals Older individuals
Hypertrophic cardiomyopathy Coronary artery disease
Anomalous coronary artery Valvular heart disease
Channelopathies Hypertensive cardiomyopathy
Myocarditis Ischaemic cardiomyopathy
Idiopathic dilated cardiomyopathy
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30.5.3  Pharmacological Therapy

There are no antiarrhythmic drugs, other than beta-blockers, to have been shown in 
randomized clinical trials (RCTs) to be effective in the primary management of 
patients in the prevention of SCD [24].

Overall, beta-blockers are first-line therapy in the management of patients with VT 
and the prevention of SCD [24]. Beta-blockers effectively block a patient’s sympathetic 
drive, suppress ventricular ectopic beats, slow the sinus rate and inhibit excessive cal-
cium release [24]. These are factors important in arrhythmia formation.

Amiodarone is another commonly used medication in the prevention of SCD. Its 
mechanism of action is on sodium and potassium channels. However, as per the 
Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT) trial, amiodarone has 
been shown to have no favourable effect on survival when compared to placebo, in 
RCTs [25]. In addition, amiodarone is associated with a variety of drug interactions 
and side effects which limits its patient tolerability (www.evidence.nhs.uk/formu-
lary/bnf/current/a1/amiodarone).

Other pharmacological therapy may involve discontinuation of medications 
which may be pro-arrhythmic [24].

In patients with LV dysfunction and heart failure the drugs including, ACEi or 
angiotenson receptor blockers, beta-blockers and MRA have been shown to reduce 
rates of SCD. This is likely due to their ability to inhibit or delaying adverse cardiac 
remodeling [26, 27].

30.6  Implantable Cardiac Defibrillators (ICD)

ICDs are recommended in two clinical settings, as primary prevention of SCD and 
as secondary prevention for those individuals who have survived a life threatening 
event.

The benefit of an ICD has been demonstrated for primary prevention in both 
ischaemic and non-ischaemic cardiomyopathies. The SCD-HeFT trial demon-
strated a 23% decreased risk of death with an ICD [25]. Whilst the DEFINITE trial 
demonstrated that implantation of an ICD significantly reduced the risk of sudden 
death from an arrhythmia [28]. A meta-analysis of five primary prevention ICD 
trials enrolling 1854 patients with a non-ischaemic cardiomyopathy, demonstrated 
that the use of an ICD was associated with a significant 31% reduction in total 
mortality (Figs. 30.9 and 30.10) [29].

In view of the above trials, the current ESC guidelines [24] recommend ICD 
implantation to reduce SCD in patients with LV dysfunction. This is defined as an 
ejection fraction of less than 35%. This can be as a result of either an ischaemic or 
non-ischaemic cause. The patient should also have been on optimal medical therapy 
for at least 3 months. Individuals require a life expectancy of greater than 1 year 
with a good functional status to be considered for an ICD [24].

An ICD is recommended as secondary prevention for patients who have survived 
a cardiac arrest from VF or have had haemodynamically significant VT in the absence 
of reversible causes. These patients should have been receiving optimal medical 

30 Interventions and Implantable Devices for Inherited Cardiac Conditions
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Fig. 30.9 A transvenous single 
chamber ICD

 

Fig. 30.10 An right ventricular 
ICD lead
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therapy with a predicted functional status in excess of 1 year [24]. These recommen-
dations are as a result of a meta-analysis of three ICD secondary prevention trials. 
These were, Antiarrhythmic drugs Versus Implantable Defibrillator (AVID), Canadian 
Implantable Defibrillator Study (CIDS) and Cardiac Arrest Study Hamburg (CASH). 
This meta-analysis demonstrated that ICD therapy was associated with a 50% reduc-
tion in arrhythmic mortality and a 28% reduction in total mortality [30].

As previously discussed, there are clear benefits of ICD implantation in the set-
ting of both primary and secondary prevention of SCD. However, transvenous ICD 
implantation is associated potential complications. One study, demonstrated an 
overall complication rate of 11% [31] Whilst in a more recent study over a 12 year 
period, ICD and CRT-D implantation was associated with a 20% incidence of inap-
propriate shocks, 6% rate for device-related infection, and an incidence of 17% for 
lead related complications [32].

In view of the potential lead related complications of transvenous ICDs, the con-
cept of subcutaneous ICDs (S-ICD) has more recently been developed. S-ICDs do 
not require leads in or on the heart. They provide therapy with a left lateral pulse 
generator and parasternal electrode configuration that is placed under the skin out-
side the thoracic cavity [33]. The results of two large prospective studies, IDE and 
EFFORTLESS S-ICD Registry, have demonstrated appropriate system performance 
comparable with conventional ICDs [34, 36].

S-ICDs are a potential treatment option for patients whom have difficult venous 
access and patients at particular risk of bacteraemia and infections [34]. In addi-
tion, it has been suggested that they may be appropriate for young patients with 
inherited cardiac conditions at risk of SCD who would otherwise have the prospect 
of lifelong device therapy and the potential complications associated with this [36].

S-ICDs are however not appropriate in patients who require pacing for bradycar-
dia, CRT or when antitachycardia pacing is used to treat ventricular arrhythmias 
[36] Table 30.9.

30.7  Inherited Cardiac Conditions Affecting the Myocardium

30.7.1  Dilated Cardiomyopathy

30.7.1.1  Definition and Epidemiology
Dilated cardiomyopathy (DCM) is defined by the presence of left ventricular dilata-
tion and left ventricular systolic dysfunction in the absence of abnormal loading 
conditions or coronary artery disease sufficient to cause global systolic impairment 
[37]. The exact prevalence and incidence of DCM is unknown but it has been sug-
gested to affect 1 in 2500 individuals and have an incidence of approximately 7 per 
100,000 per year [38]. In many cases the DCM is inherited and is therefore termed 
familial DCM (FDC) [37].

30 Interventions and Implantable Devices for Inherited Cardiac Conditions



854

30.7.1.2  Management and Device Therapy
The management of patients with DCM involves medical, device therapy and poten-
tially surgical treatment.

Device therapy in DCM is recommended in the guidelines as previously dis-
cussed. This can be in the form of PPM, CRT or ICD therapy. This is largely depen-
dent on the individual patient characteristics and condition involved.

30.8  Hypertrophic Cardiomyopathy

30.8.1  Definition and Clinical Presentation

Hypertrophic cardiomyopathy (HCM) is a condition characterised by the presence 
of increased left ventricular (LV) wall thickness that cannot be explained by abnor-
mal loading conditions [37]. In an adult, LV wall thickness greater than15 mm in 
one or more LV myocardial segments is required for the definition [37, 39]. There 
are many conditions causing left ventricular hypertrophy [40, 41]. Many individuals 
with HCM have few, if any, symptoms. In certain individuals the diagnosis can be 
incidental or the result of screening. However, patients can experience angina, 
breathlessness, palpitations, presyncope, syncope and sudden cardiac arrest [42].

30.8.2  Device Therapy and Management

In patients with HCM the management and potential interventions aims to alleviate 
symptoms, prevent complications and stratify and reduce sudden cardiac death 

Table 30.9 Indications for ICD implantation in inherited cardiac conditions

Primary prevention Secondary prevention
    –  Patients with symptomatic heart failure 

and severe LVSD (less than 35%) after 
3 months of optimal medical therapy 
who are expected to survive for 1 year

–  Patients with haemodynamically 
compromising VT and VF who are expected to 
survive for 1 year

    –  Patients with ARVC who have 1 or 
more risk factors for SCD

–  Patients with unexplained syncope, significant 
LV dysfunction, and nonischemic DCM

    –  Patients with cardiac sarcoidosis, giant 
cell myocarditis, or Chagas disease

–  Patients with Brugada syndrome who have had 
syncope. Patients with Brugada syndrome who 
have documented VT that has not resulted in 
cardiac arrest

    –  Patients with catecholaminergic 
polymorphic VT who have syncope and/or 
documented sustained VT while receiving 
beta blockers

    –  Patients with long-QT syndrome who are 
experiencing syncope and/or VT while 
receiving beta blockers

Adapted from the current European [24] and American [9] guidelines
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(SCD). The potential interventions include pharmacological therapy, surgical and 
procedural treatments and device therapy. These interventions vary depending on 
the presence or absence of an LVOTO [43].

In many asymptomatic patients no specific treatments are necessary only general 
advice. This includes advice against participation in competitive sports and for 
patients to be discouraged from intense physical activity. This is particularly impor-
tant in patients whom have risk factors for SCD and LVOTO.

30.8.3  Device Therapy

Three randomised controlled trials [44–46] have shown only a modest overall ben-
efit with a reduction in LVOT gradient and symptoms with dual chamber permanent 
pacing in symptomatic HCM patients whom are refractory to medical therapy. The 
average LVOT gradient reduction was approximately 40 mm Hg. They have how-
ever shown no significant effect on quality of life, exercise capacity, peak oxygen 
consumption or septal wall thickness. However, in a small group of patients over the 
age of 65 years, pacing has been shown to improve HCM patient’s functional capac-
ity [42]. In addition, the placebo effect of pacing in HCM patients has also been 
demonstrated with a subjective improvement in symptoms [46].

The optimal AV interval has been shown to be short, around 100  ms. Pacing 
parameters should be optimized to achieve maximum pre-excitation of the right ven-
tricular apex [47]. Current ESC guidelines [43] recommend permanent pacing should 
be considered in patients with an LVOT gradient greater than 50 mm Hg, whom are 
in sinus rhythm and on maximal drug therapy who are not suitable for other invasive 
treatment.

Permanent pacing has been shown to achieve a symptomatic and haemodymanic 
improvement in HCM patients with mid-cavity obstruction. This is uncommon but 
an important subset of patients with obstructive HCM [48].

30.9  Sudden Cardiac Death (SCD) in Hypertrophic 
Cardiomyopathy

The annual mortality, annual cardiac mortality, and annual mortality due to sudden 
death in HCM in one study has been shown to be 1.3%, 0.8%, and 0.6%, respec-
tively [49]. There are three distinctive modes of death in HCM. The first is SCD, the 
second progressive heart failure and thirdly HCM-related stroke associated with 
atrial fibrillation [50].

In adults, SCD risk stratification is required as part of the management and ongo-
ing interventions. The evidence suggests risk assessment should comprise of clini-
cal and family history, 48-hour ambulatory ECG, TTE, CMR and a symptom-limited 
exercise test. Clinical features that are associated with an increased SCD risk are 
shown in the table below. The risk of SCD should be assessed at the first patient 
clinical assessment and re-evaluated at one to 2 year intervals or whenever there is 
a change in clinical status (Table 30.10).
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The HCM Risk of SCD calculation is as follows [42]

 
ProbabilitySCD at years Prognostic index5 1 0 998= ( )- . exp  

This calculation can be used to characterise patients into low, intermediate or 
high risk for SCD.

An ICD has been shown to be the treatment of choice for primary or secondary 
prevention in high-risk patients with HCM. Whilst pharmacological treatment with 
antiarrhythmic medications such as amiodarone, beta-blockers or calcium channel 
blockers have not be shown to be protective against SCD in HCM [51]. In one study, 
10% of patients taking drugs, and specifically 20% of patients taking amiodarone, 
experienced SCD [51]. The current ESC guidelines [42], recommend an ICD as 
secondary prevention in patients whom have survived a cardiac arrest due to ven-
tricular tachycardia (VT) or ventricular fibrillation (VF), or who have spontaneous 
sustained VT causing syncope or haemodynamic compromise, and have a life 
expectancy of greater than 1 year. In addition, ICDs should be considered in high 
risk HCM patients of SCD [42] Table 30.11.

It has been shown that in high-risk HCM patients, ICD interventions for life- 
threatening ventricular tachyarrhythmias are frequent and highly effective. In one 
series [52], ICD interventions appropriately terminated VT/VF in 20% of cases. 
Intervention rates were approximately 10% per year for secondary prevention after 
cardiac arrest. It has been shown that, 35% of ICD discharges occurred in primary 
prevention patients who had undergone implantation for only a single risk factor 
[52]. Therefore it has been suggested, a single marker of high risk for sudden death 
may be sufficient to justify consideration for prophylactic defibrillator implantation 
in selected patients with HCM. This however needs to be balanced against the risk 
of device related complications [52].

Table 30.10 Risk factors for sudden cardiac death in HCM

    – Young age
    – Non-sustained ventricular tachycardia on ambulatory ECG monitoring
    – LV maximum wall thickness of ≥30 mm
    – Family history of SCD
    – Increased left atrial size
    – Left ventricular outflow tract obstruction
    –  Abnormal exercise blood pressure response (a failure to increase systolic blood pressure 

by a 20 mm Hg from rest to peak exercise or a fall of >20 mm Hg from peak blood 
pressure

Table adapted from the ESC guidelines [42]

Table 30.11 Indications for ICD implantation in HCM

    –  Survivors of cardiac arrest due to VT or VF or spontaneous sustained VT causing syncope 
or haemodynamic compromise with a life expectancy greater than 1 year 

    –  Patients with an estimated 5-year risk of sudden death ≥6% and a life expectancy of 
greater than 1 year
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30.9.1  Clinical Case: 3

A 73-year-old lady with a history of HCM, whilst attending the cardiology outpa-
tient clinic, complained of deteriorating symptoms notably, shortness of breath on 
exertion with a resultant reduction in exercise tolerance and frequent palpitations. 
This lady’s past medical history included a history of permanent atrial fibrillation 
(AF) for which she was on warfarin and small dose of a beta blocker.

In view of this patient’s deterioration, a repeat TTE and 48 hour holter monitor 
were requested. The TTE showed the presence of preserved LV systolic function but 
a mid-cavity obstruction. Her 48 hour holter monitor demonstrated periods of fast 
AF with rates of up to 140 bpm and asymptomatic pauses.

This patient’s risk for SCD was calculated to be low and in view of her TTE find-
ings and holter monitor underwent implantation of a single chamber permanent 
pacemaker in an attempt to improve the mid cavity obstruction and allow for more 
aggressive rate control of her fast AF.

Following implantation of her permanent pacemaker, her symptoms were signifi-
cantly improved. This case highlights the use of pacing in small group of elderly 
patients with HCM.

30.10  Rarer Inherited Cardiac Conditions Predominantly 
Affecting Myocardium

In addition to DCM and HCM, a number of other inherited syndromes cause defects 
that are responsible for systemic as well as cardiac manifestations, most notably 
affecting skeletal muscle. A selection of these disorders are summarised in Table 30.12.

These rare inherited disorders can cause conduction tissue disease either brady or 
tachyarrhythmias. However, there is little evidence to support disease specific treatments. 
Therefore, the current recommendations for device therapy in these groups of patients 
should in general be based upon conventional indications as previously discussed [8].

30.11  Inherited Primary Arrhythmia Conditions

There are several different conditions which can be classified into the group of 
inherited cardiac problems. These conditions can predispose patients to a variety of 
potential problems but in particular and probably most importantly predispose indi-
viduals to a high risk of sudden cardiac death. Table 30.13 demonstrates a selection 
of different arrhythmia related inherited conditions.

30.11.1  Clinical Case: 4

A 36-year-old man was admitted to hospital feeling generally unwell with a high fever 
of 38° C. On admission, he complained of a productive cough with green sputum.
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Table 30.12 Rarer cardiac conditions predominantly affecting myocardium

Condition Gene defect Symptoms/Signs
Investigation/
findings Management

Duchenne muscular 
dystrophy (DMD)

Defective 
gene on X 
chromosome 
responsible 
for 
dystrophin

Teenage years. 
Proximal limb 
muscle weakness. 
Miral regurgitation 
and heart failure

Elevated creatine 
kinase 
conduction 
abnormalities 
involving AV 
node and 
arrhythmias 
particularly 
supraventricular. 
DCM

ACE 
inhibitors and 
beta blockers 
for LV 
dysfunction 
PPM for 
conduction 
disturbances

Becker muscular 
dystrophy

Defective 
gene on X 
chromosome 
responsible 
for 
dystrophin

Later age of onset 
compared to 
DMD. Proximal 
limb muscle 
weakness. Heart 
failure

Elevated creatine 
kinase 
conduction 
abnormalities of 
the AV node with 
can progress to 
complete heart 
block

Conventional 
heart failure 
medication 
and device 
implantation 
for LV 
dysfunction 
and brady/
tachy 
arrhythmias

Emery-Dreifuss 
muscular dystrophy 
(EDMD)

X-linked 
recessive, 
autosomal 
dominant, or 
autosomal 
recessive 
involving the 
emerin or 
lamin A/C 
genes

First or second 
decade. Slowly 
progressive 
muscle weakness 
and wasting in 
humeroperoneal 
distribution

Elevated creatine 
kinase AV 
conduction 
abnormalities, 
AF, DCM

Conventional 
heart failure 
medication 
and device 
implantation 
for LV 
dysfunction 
and brady/
tachy 
arrhythmias

Facioscapulohumeral 
dystrophy (FSHD)

Autosomal 
dominant 
inheritance 
chromosome 
4q35

Slowly progressive 
muscle weakness 
involving the 
facial, scapular, 
upper arm, lower 
leg, and hip girdle 
muscles

Conduction 
defects, 
arrhythmias, and 
cardiomyopathy

Conventional 
heart failure 
medication 
and device 
implantation 
for LV 
dysfunction 
and brady/
tachy 
arrhythmias

(continued)
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Table 30.12 (continued)

Condition Gene defect Symptoms/Signs
Investigation/
findings Management

Myotonic dystrophy Autosomal 
dominant 
inheritance 
and variable 
penetrance 
and clinical 
anticipation

Myotonia, 
weakness and 
wasting affecting 
facial muscles and 
distal limb 
muscles, frontal 
balding in males, 
cataracts, multiple 
endocrinopathies, 
and low 
intelligence or 
dementia. Heart 
failure, syncope, 
SCD

Conduction 
defects, 
ventricular 
arrhythmias, AF, 
DCM

Conventional 
heart failure 
medication 
and device 
implantation 
for LV 
dysfunction 
and brady/
tachy 
arrhythmias

Friedreich ataxia Autosomal 
recessive 
inheritance 
Frataxin 
gene 
mutations

Progressive ataxia 
of limbs, heart 
failure

Arrhythmias, 
cardiomyopathy

Conventional 
heart failure 
medication 
and device 
implantation 
for LV 
dysfunction 
and brady/
tachy 
arrhythmias

Hereditary 
hemochromatosis

Autosomal 
recessive 
inheritance. 
HFE gene 
mutations

Diabetes mellitus, 
bronze skin 
changes, heart 
failure

Conduction 
disturbances, 
DCM

Phlebotomy. 
Iron chelation 
agents

Table adapted from, The ESC Textbook of Cardiovascular Medicine, ESC and American guideline 
documents [8, 24, 41, 51, 53]

His blood tests revealed high inflammatory markers and a chest x-ray showed 
consolidation. This man was seen by the medical team and commenced on appro-
priate antibiotics. His ECG is shown below.

Whilst in the accident and emergency department, this man collapsed and suf-
fered a cardiac arrest. He was successfully treated for ventricular fibrillation (VF) 
with one direct current shock. He was subsequently transferred to the coronary care 
unit. A diagnosis of Brugada syndrome was made and after appropriate treatment 
underwent implantation of a ICD. In addition, he was advised to avoid provoking 
drugs and ensure prompt treatment of any pyrexial illness.

ECG 2: An ECG demonstrating ST-segment elevation greater than 2 mm in a 
patient with Brugada syndrome.
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30.11.2  Clinical Case: 5

A 32-year-old man, whilst having a pre-assessment for orthopaedic surgery was 
found to have the ECG below. He was subsequently referred to the cardiology out-
patient clinic for further investigations and treatment.

After further assessment, he denied any symptoms such as palpitations or black-
outs. He had no family history of sudden cardiac death. He subsequently underwent 
an TTE which was normal demonstrating a structurally normal heart.

In view of this patient being asymptomatic and having no significant family his-
tory and the ECG findings being incidental, his risk of sudden cardiac death was 
considered to be low. Therefore, the patient was advised to avoid QT-prolonging 
drugs. In addition, he was offered a trial of unselective beta-blockers.

 Conclusion
There are many inherited cardiac conditions which have a varied morbidity and 
mortality. These conditions require a range of different investigations and car-
diac interventions. These interventions can take the form of general lifestyle 
advice, avoidance of particular high risk activities, a range of medical treatments, 
procedural interventions including device implantation. Key points about this 
chapter are outlined in Table 30.14.
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Abstract
With the advances of genetics in cardiovascular disease, increasingly more infor-
mation on genetics and its associated phenotypes is becoming available, often 
online. The physician dealing with cardiovascular genetic disorders has to be 
able to interpret genetic test results and implement this in patient care including 
genetic counseling, risk assessment and, possibly personalized, treatment.

To be able to navigate through the online resources available, we summarized 
some databases and online tools on the interpretation of genetic variants; i.e. 
databases that assess the pathogenicity using in silico computional models, data-
bases with data on the presence of variants in control populations and disease or 
gene specific databases that summarize variants and its associated phenotypes.

In addition to these variant-interpretation databases, databases to aid the clini-
cian in making a diagnosis, predicting a positive genetic test or risk assessment 
are summarized. Finally websites that facilitate data-sharing are mentioned.

Even though these tools are very useful, one has to be aware that online data 
are not always up-to-date and the interpretation of data that are used, especially 
in patient care, always need a critical review. This should be considered a multi-
disciplinary teams effort that involve amongst others cardiologists, clinical and 
molecular geneticists, and genetic counselors.
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31.1  Introduction

With the advances in human genetics including the implementation of Next 
Generation Sequencing techniques to study large numbers of genes in large patients 
cohorts, large amounts of data overwhelm the clinician working in the field of car-
diovascular genetics. A clinician nowadays has to be able to deal with this data, in 
addition to being able to diagnose, treat and follow-up patients with some times rare 
diagnoses. Reasons to have the skills to be able to “navigate” in the genetics field, 
is that a specific variant or multiple variants may have been identified in a patient 
with a specific cardiovascular genetic condition like hypertrophic cardiomyopathy 
(HCM) or long QT syndrome (LQTS); or because a specific variant is found in an 
individual patient that has been genetically evaluated for another reason, yet genetic 
analyses reveal a variant in a gene that is labeled as an actionable gene according to 
the American College of Medical Genetics and Genomics (ACMG) [1]. Following 
the rapid technological advances in the field of molecular genetics, the identification 
of variants itself is no longer a bottleneck. It is the assessment and classification of 
variants that is challenging and requires multidisciplinary teams at least consisting 
of cardiologists, clinical geneticists/genetic counselors, molecular geneticists and 
bioinformaticians [2].

The main goal is to correctly interpret a variant as resulting in an abnormal pro-
tein with an effect on cardiovascular function or not. If leading to an abnormal 
protein and consequently an effect on the phenotype, it is important to know the 
associated clinical phenotype including information on penetrance and clinical vari-
ability. This information is not only crucial for the clinician following up this 
patient, but also for clinical geneticists and others counseling these patients and 
their family members [3].

To facilitate the process of evaluating variants, collecting information on clinical 
phenotypes associated with specific gene mutations, and risk-assessment, an over-
view of potential useful online resources is provided in this chapter.

31.2  Interpretation of Variants

31.2.1  Resources Used to Assess Pathogenicity of Variants

Whether a specific variant leads to an abnormal protein and thereby is potentially 
disease-causing is based upon several factors, such as the gross effect of a mutation 
(leading to a truncated protein based upon a nonsense mutation, an insertion or dele-
tion out side the reading frame or a mutation affecting splicing e.g.), or the effect of 
the variant at nucleotide and therefore amino acid level in case of missense muta-
tions. The standards and guidelines for this interpretation are summarized in a 
guideline by the ACMG [4] The impact of a missense change depends on criteria 
such as the evolutionary conservation of an amino acid or nucleotide, the location 
and context within the protein sequence, the biochemical consequence of the amino 
acid substitution, its predicted effect on protein function and the presence or absence 
of the variant in control populations. Several online resources are available that are 
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used to evaluate these aspects and some of these integrate several of these “factors”. 
Multiple software packages are available to aid in the interpretation of identified 
variants. The use of these resources may help to correctly classify these variants in 
one of the main categories of pathogenicity; (class 5) pathogenic, (4) likely patho-
genic, (3) uncertain significance, (2) likely benign, or (1) benign.

31.2.2  A Computational Predictive Programs (In Silico Analyses)

Several in silico tools can aid in the interpretation of sequence variants. The algo-
rithms underlying these tools determine the effect of a sequence variant at the nucle-
otide and amino acid level, including the effect of a variant on the primary and 
alternative gene transcripts, and compute a potential impact of the variant on the 
protein. The most widely used tools can be categorized in those predicting the effect 
of missense mutations and those predicting whether a mutation affects splicing. The 
most commonly used in silico tools for missense variant interpretation are PolyPhen2 
[5], SIFT [6] and MutationTaster [7]. A more extensive list of these tools and those 
used for splice site variant interpretation can be found in Table  31.1. With the 
increasing use of whole genome sequencing, more extensive tools also evaluate the 
effect of noncoding sequences [8].

The use of multiple software programs for sequence variant interpretation is rec-
ommended because the different programs each have their own strengths and weak-
nesses, depending on the algorithm; the combined predictions are however 
considered a single piece of evidence in interpretation of variants.

31.2.3  Databases with Control Populations

Population databases (Table 31.2) can be helpful to get an impression of the fre-
quencies of specific variants or variability within a gene in large populations. One 
has to keep in mind however that specific information on disease status is often 
lacking from these control individuals, so these data are not specifically from indi-
viduals with confirmed absence of cardiovascular genetic disease, especially con-
sidering the age-dependent and incomplete penetrance of many cardiovascular 
genetic diseases. In addition, detailed information on pathogenic effects of variants 
is often limited. One also has to keep in mind that in specific cohorts, multiple mem-
bers from a single family may be included.

One of the most commonly used population database is the ExAC (Exome 
Aggregation Consortium) database (www.exac.broadinstitute.org) [9]. It consists of 
genome data of over 60,000 unrelated individuals from diverse disease-genetic and 
population genetic studies. To illustrate that one needs to interpret the presence of 
variants in these control databases very cautiously; for example the single most prev-
alent HCM causing mutation in two large cohorts from the UK and the US, MYBPC3 
c.1504C>T (p.Arg502Trp), was identified three times in the ExAC database [10]. 
This is not surprising, given the high prevalence of HCM (1:500) and highlights the 
importance of careful utilization of these databases.

31 Cardiovascular Phenotype-Genotype Database
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Table 31.1 Commonly used in silico predictive tools/software used for sequence variant interpre-
tation (from [4])

Category Name Website Basis
Missense 
prediction

MutationAssessor http://mutationassessor.org Evolutionary conservation
SIFT http://sift.jcvi.org Evolutionary conservation
MutationTaster http://www.mutationtaster.org Protein structure/function 

and evolutionary 
conservation

PolyPhen-2 http://genetics.bwh.harvard.
edu/pph2

Protein structure/function 
and evolutionary 
conservation

CADD http://cadd.gs.washington.edu Contrasts annotations of 
fixed/nearly fixed derived 
alleles in humans with 
simulated variants

Splice site 
prediction

GeneSplicer http://www.cbcb.umd.edu/
software/GeneSplicer/gene_
spl.shtml

Markov models

Human Splicing 
Finder

http://www.umd.be/HSF/ Position-dependent logic

MaxEntScan http://genes.mit.edu/burgelab/
maxent/Xmaxentscan_
scoreseq.html

Maximum entropy principle

NetGene2 http://www.cbs.dtu.dk/
services/NetGene2

Neural networks

NNSplice http://www.fruitfly.org/seq_
tools/splice.html

Neural networks

FSPLICE http://www.softberry.com/
berry.phtml?topic=fsplice&gr
oup=programs&subgroup=gf
ind

Species-specific predictor 
for splice sites based on 
weight matrices model

Table 31.2 Examples of population databases [4]

Population 
databases Website

Exome 
Aggregation 
Consortium

http://exac.broadinstitute.org/ Exome sequencing results of >60,000 
individuals from various projects 
(disease- specific/population based)

Exome Variant 
Server

http://evs.gs.washington.edu/EVS Exome sequencing results of large 
cohorts; collection of different studies

1000 Genomes 
Project

http://browser.1000genomes.org Variant database from 26 populations

dbSNP http://www.ncbi.nlm.nih.gov/snp Short genetic variations from different 
databases

dbVar http://www.ncbi.nlm.nih.gov/dbvar Structural variations from different 
sources
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It is to be expected that the size of this and other databases will continue to grow, 
because several disease related and population related genome sequencing initia-
tives are going on such as the large scale Precision Medicine Initiative of the NIH in 
the USA (https://www.nih.gov/precision-medicine-initiative-cohort-program) and 
the 100  K Genomes Project in the UK (www.genomicsengland.co.uk). But also 
smaller projects, with more national genetic data can be useful such as the genome 
of the Netherlands with data of 250 trios (www.nlgenome.nl) [11].

31.2.4  Disease and Gene Specific Databases

Disease and gene specific (Table 31.3) databases primarily contain variants found in 
patients with a specific disease or lists variants in genes including an assessment of 
the variants’ pathogenicity. One has to be aware that these disease and gene-specific 
databases often contain variants that are incorrectly classified, including incorrect 
claims published in peer-reviewed literature. The reason for this is that many data-
bases do not perform a primary review of evidence. In addition, the level of evi-
dence may change over time; i.e. a mutation initially considered pathogenic, may 
turn out to be an innocent variant after additional studies. Some examples are the 
PKP2 c.419C>T; p. (Ser140Phe) and DSC2 c.2686_2687dupGA; p.A897KfsX4 
variations in arrhythmogenic right ventricular cardiomyopathy (ARVC) [12, 13]. 
Also for FBN1 mutations in Marfan Syndrome, discrepancies in databases have 
been described [14].

Notably, based on the reported classification in the Human Genome Mutation 
Database (HGMD), 11.7, 19.6, and 20.1% of individuals in the ExAC database have 
reported HCM, dilated cardiomyopathy (DCM), and ARVC variants, respectively 

Table 31.3 Disease-specific mutation databases

Database Online Resource (URL) Specific utility
Clinvar www.ncbi.nlm.nih.gov/clinvar
OMIM www.omim.org
Human Gene Mutation 
Database

www.hgmd.org

Atlas of cardiac genetic 
variation (HCM, DCM and 
ARVC)

https://cardiodb.org

ARVC www.arvcdatabase.info
Marfan syndrome (FBN1) www.umd.be/FBN1
Familial hypercholesterolemia www.jojogenetics.nl
Leiden Open Variation 
Database

http://www.lovd.nl

IF databases www.interfil.org Contains genes encoding 
intermediate filament 
proteins like DES, LMNA

TTN https://cardiodb.org/titin/
Factor IX Variant Database www.factorix.org/
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[10]. Given the prevalence of these diseases, these numbers are far too high and 
should alert the user that the HGMD classification could be an overestimate of the 
variant pathogenicity.

In addition, one has to keep in mind that many databases are often not completely 
up to date, because these databases are maintained by professionals who update the 
databases next to their professional activities, which is a challenging task like we 
encounter for the ARVC related mutation database [15, 16].

With these limitations in mind, these databases can however be very helpful in 
getting a quick overview of a specific variant, including relevant references to litera-
ture which can greatly facilitate interpretation of a variant.

31.3  Online Tools for Clinicians

31.3.1  Diagnostic Aids

Clinical criteria to diagnose specific cardiovascular genetic disorders can be very 
extensive such as the clinical criteria for ARVC where depolarization/repolarization 
abnormalities on ECG, arrhythmias, the results of imaging and family history, have 
to be scored to make a diagnosis [17]. These criteria can be filled out online to cal-
culate at https://ocrr.ca/pdg/public.php.

Making a diagnosis might even get more complicated, if a cardiovascular genetic 
disorder has multisystem manifestations such as Marfan syndrome where skeletal, 
ophthalmologic and cardiac features can be present [18]. To easily access normo-
grams for aortic size related to body service and to facilitate interpretation and scor-
ing of features in Marfan syndrome, online diagnostic tools/calculators are available 
(see http://www.marfan.org/dx/home).

31.3.2  Calculators to Predict a Positive Genotype

The yield of genetic testing in cardiovascular genetic disease is generally dependent 
on several factors such as age of diagnosis, specific cardiac features and a positive 
family history for disease. Because resources for genetic testing are sometimes lim-
ited or genetic testing is not reimbursed, it may be helpful to predict which patients 
have a high pretest chance to have a mutation. For HCM, one of the most common 
genetic cardiac diseases, these calculators are available and based upon: age of diag-
nosis, gender, maximal LV wall thickness, morphology of septal hypertrophy, a 
family history of SCD or HCM and a history of hypertension [19, 20].

31.3.3  Risk Calculators

Cardiovascular genetic diseases are often associated with premature death, for exam-
ple due to end-stage heart failure or ventricular arrhythmias. Therapeutic options, like 
placing an ICD, may prevent such dismal outcome. However, not infrequently the 
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placement of an ICD is associated with serious complications and inappropriate ICD 
therapy as has also been described in inherited cardiac disease [21]. Therefore the 
implantation of an ICD has to be precisely timed to prevent sudden death; not too 
early because of the complications and not too late so that a patient does not benefit 
from it [22].

For HCM a calculator is available to predict the 5-years risk of SCD and based 
upon this prediction the indication for an ICD implantation is discussed. This tool 
makes use of seven variables that can be filled out online (http://www.doc2do.com/
hcm/webHCM.html) [23].

31.3.4  Datasharing

Sharing data on variants and phenotypes is important to better understand the role 
of variants in specific disorders and its pathogenicity, but also to study potential 
genotype-phenotype relationships. These are helpful for genetic counseling, but 
also for treatment; for example, non-missense mutations in the LMNA gene are con-
sidered a risk factor in the presence of a second risk factor. This conclusion might 
justify the implantation of an ICD given the high risk for malignant ventricular 
arrhythmias [24]. These data were collected from a large European cohort under-
scoring the importance for collaboration and sharing data in improving therapies 
and risk stratification for rare genetic disorders. Making data available to other 
researchers will enable researchers worldwide to work with much larger and richer 
data and material sets of higher quality compared to what is locally available. An 
efficient and transparent research portal may help enable researchers worldwide to 
work with a much larger and richer data and material set of higher quality compared 
to what is currently possible. An on-line catalogue may aid to this goal. For some 
cardiovascular genetic diseases such a catalogue to create an overview of the avail-
able clinical data, bio-samples, and imaging archive from the existing and on-going 
registries has been built (http://www.durrercenter.nl/catalogue/). By using the FAIR 
Data principle (Findable, Accessible, Interoperable and Re-useable) this task should 
boost the exploitation and re-use of expensively gathered patient data. For example, 
the aggregate data from a number of studies is made available by the German Centre 
for Heart and Circulation Research (DZHK) (https://dzhk.de/en/resources/data-
catalogue/), which is considered an essential step towards the controlled provision 
of data and biomaterials, leading to increased value of these collections to the scien-
tific community.

 Conclusion

Several online tools are available that are useful in determining the pathogenic-
ity of variants identified in genetic diagnostics, making a diagnosis, predicting 
a positive test result and risk assessment. One has to be aware that some online 
databases are outdated. In the near future, sharing data will become increas-
ingly common, in particular in rare genetic diseases. Different groups around 
the globe have launched a number of online catalogues that facilitate data 
sharing.

31 Cardiovascular Phenotype-Genotype Database
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 Glossary: Commonly Used Terms and Phrases 
in Cardiovascular Genetics and Genomics1

 Abbreviations

AA Antiarrhythmic
AF Atrial fibrillation
ARVC Arrhythmogenic right ventricular cardiomyopathy
ATP Antitachycardia pacing
BRS Brugada syndrome
CABG Coronary artery bypass graft
CAD Coronary artery disease
CASH Cardiac arrest study Hamburg
CHD Coronary heart disease
CHF Congestive heart failure
CIDS Canadian implantable defibrillator study
CNV Copy number variation
DCM Dilated cardiomyopathy
DFT Defibrillation threshold
DNA Deoxyribose nucleic acid
ECG Electrocardiography
EF Ejection fraction
EPS Electrophysiologic study
ESC European society of cardiology
HCM Hypertrophic cardiomyopathy
IBD Identity by descent
ICD Implantable cardioverter defibrillator
ICD Implantable cardioverter device
iLVNC Isolated left ventricular noncompaction
iNVM Isolated noncompaction of the ventricular myocardium
LOS Length of stay
LQTS Long Q-T syndrome

1 Disclaimer: The glossary is compiled from author’s personal collection, suggestions from other pro-
fessionals and on-line resources. All terms, abbreviations and phrases are commonly used in both 
clinical and scientific practices. There should not be any copyright or ownership infringement.

https://doi.org/10.1007/978-3-319-66114-8
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LV Left ventricle
LVNC Left ventricular noncompaction
MRI Magnetic resonance imaging
mtDNA Mitochondrial DNA
NGS Next generation genome sequencing
NVM Noncompaction of the ventricular myocardium
OMIM On-line Mendelian inheritance in man
ORF Open reading frame
PCR Polymerase chain reaction
PGD Pre-implantation genetic diagnosis
PVC Premature ventricular contraction
RCM Restrictive cardiomyopathy
RNA Ribose nucleic acid
RT-PCR Reverse transcriptase polymerase chain reaction
RV Right ventricle
SADS Sudden arrhythmic death syndrome
SCD Sudden cardiac death
SUD Sudden unexplained death
SVT Supraventricular tachycardia
VF Ventricular fibrillation
VT Ventricular tachycardia
WGS Whole genome sequencing
WES Whole exome sequencing

Glossary: Commonly Used Terms and Phrases in Cardiovascular Genetics and Genomics



Terms and Phrases

Ablation The removal, isolation or destruction of cardiac tissue or conduction 
pathways involved in arrhythmias.

Acrocentric A chromosome having the centromere close to one end.
Algorithm A step-by-step method for solving a computational problem or a set 

of precise rules or procedures programmed into a pacemaker or defibrillator that 
are designed to solve a specific clinical problem.

Allele An alternative form of a gene at the same chromosomal locus.
Allelic Heterogeneity Different alleles for one gene.
Alternative Splicing A regulatory mechanism by which variations in the incor-

poration of coding regions (see exon) of the gene into messenger RNA (mRNA) 
lead to the production of more than one related protein, or isoform.

Amino Acid A chemical subunit of a protein. Amino acids polymerize to form 
linear chains linked by peptide bonds called polypeptides. All proteins are made 
from twenty naturally occurring amino acids.

Amplification Refractory Mutation System (ARMS) An allele-specific PCR 
amplification reaction.

Annealing The association of complementary DNA (or RNA) strand to form the 
double-stranded structure.

Anonymous DNA DNA not known to have a coding function.
Annotation The descriptive text that accompanies a sequence in a database 

method.
Antibody A protein produced by the immune system in response to an antigen 

(see antigen). Antibodies bind to their target antigen to help the immune system 
destroy the foreign entity.

Anticipation A phenomenon in which the age of onset of a disorder is reduced 
and/or severity of the phenotype is increased in successive generations.

Anticodon The three bases of a tRNA molecule that form a complementary match 
to an mRNA codon and thus allow the tRNA to perform the key translation step 
in the process of information transfer from nucleic acid to protein.

Antigen A molecule that is perceived by the immune system to be foreign.
AntiTachycardia Pacing (ATP) Short, rapid, carefully controlled sequences of 

pacing pulses delivered by an ICD and used to terminate a tachycardia in the 
atria or ventricles.
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Apoptosis Programmed cell death
Arrest (Cardiac) Cessation of the heart’s normal rhythmic electrical and/or 

mechanical activity which causes immediate haemodynamic compromise.
Arrhythmogenic Right Ventricular Cardiomyopathy/Dysplasia A new term of 

arrhythmogenic cardiomyopathy (AC) is preferred due to biventricular involve-
ment in most cases of ARVC/ARVD

Arrhythmia Any heart rhythm that falls outside the accepted norms with respect 
to rate, regularity, or sequence of depolarisation. (Any abnormal or absent heart 
rhythm.)

ATP Antitachycardia pacing
Atrial Fibrillation (AF) Very fast, disorganised heart rhythm that starts in the 

atria.
Atrial Flutter (AFL) Fast, organised atrial rhythm.
Atrial Tachycardia (AT) A rapid heart rate that starts in the atria (includes AF, 

and AFL).
Atrioventricular (AV) Node A section of specialised neuromuscular cells that 

are part of the normal conduction pathway between the atria and the ventricles. 
(A junction that conducts electrical impulses from the atria to the ventricles of 
the heart.)

Atrioventricular (AV) Synchrony The normal activation sequence of the heart in 
which the atria contract and then, after a brief delay, the ventricles contract. The 
loss of AV synchrony can have significant haemodynamic effects. Dual chamber 
pacemakers are designed to attempt to maintain AV synchrony.

Atrium The heart is divided into four chambers. Each of the two upper chambers 
is called an atrium. (Atria is the plural form of atrium.) Either of the two upper 
chambers of the heart, above the ventricles that receive blood from the veins and 
communicate with the ventricles through the tricuspid (right) or mitral (left) valve.

Autosome Any chromosome other than a sex chromosome (X or Y) and the mito-
chondrial chromosome.

Autozygosity In an inbred person, homozygosity for alleles identical by descent.
Autozygosity Mapping A form of genetic mapping for autosomal recessive dis-

orders in which affected individuals are expected to have two identical disease 
alleles by descent.

Bacterial Artificial Chromosome (BAC) DNA vectors into which large DNA 
fragments can be inserted and cloned in a bacterial host.

Bioinformatics An applied computational system which includes development 
and utilization of facilities to store, analyse and interpret biological data.

Biotechnology The industrial application of biological processes, particularly 
recombinant DNA technology and genetic engineering.

Basic Local Alignment Search Tool (BLAST) A fast database similarity search 
tool used by the NCBI that allows the world to search query sequences against 
the GeneBank database over the web.

Blastocyst The mammalian embryo at the stage at which it is implanted into the 
wall of the uterus.

Terms and Phrases
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Bradycardia/Bradyarrhythmia) A heart rate that is abnormally slow; com-
monly defined as under 60 beats per minute or a rate that is too slow to physi-
ologically support a person and their activities.

Candidate Gene Any gene which by virtue of a known property (function, 
expression pattern, chromosomal location, structural motif, etc.) is considered as 
a possible locus for a given disease.

Cardiac Arrest Failure of the heart to pump blood through the body. If left 
untreated, it is dangerous and life-threatening.

Cardioversion Termination of an atrial or ventricular tachyarrhythmia (other 
than ventricular fibrillation) by a delivery of a direct low energy electrical cur-
rent which is synchronised to a specific instant during the heart beat (during to 
the ventricular depolarisation). Synchronisation of the shock prevents shocking 
during periods which could cause ventricular fibrillation.

Carrier A person who carries an allele for a recessive disease (see heterozygote) 
without the disease phenotype but can pass it on to the next generation.

Carrier Testing Carried out to determine whether an individual carries one copy 
of an altered gene for a particular recessive disease.

Cell Cycle Series of tightly regulated steps that a cell goes through from its cre-
ation to division to form two daughter cells.

“Central Dogma” A term proposed by Francis Crick in 1957- ‘DNA is tran-
scribed into RNA which is translated into protein’.

Complementary DNA (cDNA) A piece of DNA copied in vitro from mRNA by 
a reverse transcription enzyme.

CentiMorgan (cM) A unit of genetic distance equivalent to 1% probability of 
recombination during meiosis. One centiMorgan is equivalent, on average, to a 
physical distance of approximately 1 megabase in the human genome.

Centromere The constricted region near the center of a chromosome that has 
critical role in cell division.

Chimera A hybrid, particularly a synthetic DNA molecule that is the result of 
ligation of DNA fragments that come from different organisms or an organism 
derived from more than one zygote.

Chromosome Subcellular structures which contain and convey the genetic mate-
rial of an organism.

Chromosome Painting Fluorescent labelling of whole chromosomes by a FISH 
procedure in which labelled probes each consist of complex mixture of different 
DNA sequences from a single chromosome.

Chronic Lead A pacemaker or ICD lead which has been implanted in the past.
Chronotropic Incompetence The inability of the heart to increase its rate appropri-

ately in response to increased activity or metabolic need, e.g., exercise, illness, etc.
Class I Antiarrhythmic Drugs Drugs which act selectively to depress fast 

sodium channels, slowing conduction in all parts of the heart (e.g. Quinidine, 
Procainamide, Flecainide, Encainide, Propafenone)

Class II Antiarrhythmic Drugs Drugs which act as beta-adrenergic blocking 
agents (e.g. Propanolol, Metoprolol, Atenolol)

Terms and Phrases
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Class III Antiarrhythmic Drugs Drugs which act directly on cardiac cell mem-
brane, prolong repolarisation and refractory periods, increase VF threshold, and 
act on peripheral smooth muscle to decrease peripheral resistance (e.g. amioda-
rone, sotalol)

Clinical Sensitivity The proportion of persons with a disease phenotype who test 
positive

Clinical Specificity The proportion of persons without a disease phenotype who 
test negative.

Clone A line of cells derived from a single cell and therefore carrying identical 
genetic material.

Cloning Vector A DNA construct such as a plasmid, modified viral genome (bac-
teriophage or phage), or artificial chromosome that can be used to carry a gene 
or fragment of DNA for purposes of cloning (for example, a bacterial, yeast or 
mammalian cell).

Coagulation Factors Various components of the blood coagulation system. The 
following factors have been identified: (Synonyms which are or have been in 
use are included). · Factor I (fibrinogen); · Factor II (prothrombin); · Factor III 
(thromboplastin, tissue factor); · Factor IV (calcium); · Factor V (labile factor); · 
Factor VII (stable factor); · Factor VIII (antihemophilic globulin [AHF], antihe-
mophilic globulin [AHG], antihemophilic factor A Factor VIII: C); · Factor IX 
(plasma thromboplastin component [PTC], Christmas factor, antihemophilic fac-
tor B); Factor X (Stuart factor, Prower factor, Stuart-Prower factor); · Factor XI 
(plasma thromboplastin antecedent [PTA], antihemophilic factor C); · Factor XII 
(Hageman factor, surface factor, contact factor); · Factor XIII (fibrin stabilizing 
factor [FSF], fibrin stabilizing enzyme, fibri-nase); Other factors: (prekallikrein 
[Fletcher factor], and high molecular weight kininogen [Fizgerald]).

Coding DNA (Sequence) The portion of a gene that is transcribed into mRNA.
Codon A three-base sequence of DNA or RNA that specifies a single amino acid.
Comparative Genomics The comparison of genome structure and functional 

across different species in order to further understanding of biological mecha-
nisms and evolutionary processes.

Comparative Genome Hybridization (CGH) Use of competitive fluorescence 
in situ hybridization to detect chromosomal regions that are amplified or deleted, 
especially in tumours.

Complementary DNA (cDNA) DNA generated from an expressed messenger 
RNA through a process known as reverse transcription.

Complex Diseases Diseases characterized by risk to relatives of an affected indi-
vidual which is greater than the incidence of the disorder in the population

Complex Trait One which is not strictly Mendelian (dominant, recessive, or sex 
linked) and may involve the interaction of two or more genes to produce a phe-
notype, or may involve gene-environment interactions.

Computational Therapeutics An emerging biomedical field concerned with the 
development of techniques for using software to collect, manipulate and link bio-
logical and medical data from diverse sources.   It also includes the use of such 
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information in simulation models to make predictions or therapeutically relevant 
discoveries or advances.

Computer Aided Diagnosis [CAD] A general term used for a variety of artifi-
cial intelligence techniques applied to medical images. CAD methods are being 
rapidly developed at several academic and industry sites, particularly for large-
scale breast, lung, and colon cancer screening studies. X-ray imaging for breast, 
lung and colon cancer screening are good physical and clinical models for the 
development of CAD methods, related image database resources, and the devel-
opment of common metrics and methods for evaluation. [Large-scale screening 
applications include (a) improving the sensitivity of cancer detection, (b) reduc-
ing observer variation in image interpretation, (c) increasing the efficiency of 
reading large image arrays, (d) improving efficiency of screening by identifying 
suspect lesions or identifying normal images, and (e) facilitating remote reading 
by experts (e.g., telemammography).]

Congenital Any trait, condition or disorder that exists from birth.
Consanguinity Marriage between two individuals having common ancestral par-

ents, commonly between first cousins; an approved practice in some communi-
ties who share social, cultural and religious beliefs. In genetic terms two such 
individuals could be heterozygous by descent for an allele expressed as ‘coef-
ficient of relationship’, and any offspring could be therefore homozygous by 
descent for the same allele expressed as ‘coefficient of inbreeding’.

Conserved Sequence A base sequence in a DNA molecule (or an amino acid 
sequence in a protein) that has remained essentially unchanged throughout 
evolution.

Constitutional Mutation A mutation which is inherited and therefore present in 
all cells containing the relevant nucleic acid (same as germ line mutation)

Contig A consensus sequence generated from a set of overlapping sequence frag-
ments that represent a large piece of DNA, usually a genomic region from a 
particular chromosome.

Copy Number The number of different copies of a particular DNA sequence in 
a genome.

Copy Number Variation (CNV) Variation in copy number sequences, likely to 
be of pathogenic importance for certain complex disease traits.

CpG Island Short stretch of DNA, often less than 1 kb, containing CpG dinucleo-
tides which are unmethylated and present at the expected frequency. CpG islands 
often occur at transcriptionally active DNA.

Cytoplasm The internal matrix of a cell. The cytoplasm is the area between the 
outer periphery of a cell (the cell membrane) and the nucleus (in a eukaryotic 
cell).

Defibrillation Termination of an erratic, life-threatening arrhythmia of the ven-
tricles by a high energy, direct current delivered asynchronously to the cardiac 
tissue. The defibrillation discharge will often restore the heart’s normal rhythm.

Denaturation Dissociation of complementary strands to give single-stranded 
DNA and/or RNA.

Terms and Phrases
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Demographic Transition The change in the society from extreme poverty to a 
stronger economy, often associated by a transition in the pattern of diseases from 
malnutrition and infection to the intractable conditions of middle and old age, for 
example cardiovascular disease, diabetes, and cancer.

Diagnostics Data gathered by an ICD or pacemaker to evaluate patient rhythm 
status, verify system operation, or assure appropriate delivery of therapy options.

Diploid A genome (the total DNA content contained in each cell) that consists of 
two homologous copies of each chromosome.

Disease A fluid concept influenced by societal and cultural attitudes that change 
with time and in response to new scientific and medical discoveries. The human 
genome sequence will dramatically alter how we define, prevent, and treat dis-
ease.  Similar collection of symptoms and signs (phenotype) may have very 
different underlying genetic constitution (genotype). As genetic capabilities 
increase, additional tools will become available to subdivide disease designa-
tions that are clinically identical (see taxonomy of disease).

Disease Etiology Any factor or series of related events directly or indirectly 
causing a disease. For example, the genomics revolution has improved our 
understanding of disease determinants and provided a deeper understanding of 
molecular mechanisms and biological processes (see ‘Systems Biology’).

Disease Expression When a pathogenic genotype is manifested in the phenotype.
Disease Management A continuous, coordinated health care process that seeks 

to manage and improve the health status of a patient over the entire course of a 
disease. The term may also apply to a patient population. Disease management 
services include disease prevention efforts and as well as patient management.

Disease Phenotype Includes disease related changes in tissues as judged by gross 
anatomical, histological and molecular pathological changes. Gene and protein 
expression analysis and interpretation studies, particularly at the whole genome 
level are able to distinguish apparently similar phenotypes.

Diversity, Genomic The number of base differences between two genomes 
divided by the genome size.

DNA (Deoxyribonucleic Acid) The chemical that comprises the genetic material 
of all cellular organisms.

DNA Cloning Replication of DNA sequences ligated into a suitable vector in an 
appropriate host organism (see Cloning vector).

DNA Fingerprinting Use of hypervariable minisatellite probe (usually those 
developed by Alec Jeffreys) on a Southern blot to produce an individual- specific 
series of bands for identification of individuals or relationships.

DNA Library A collection of cell clones containing different recombinant DNA 
clones.

DNA Sequencing Technologies through which the order of base pairs in a DNA 
molecule can be determined.

Domain A discrete portion of a protein with its own function. The combination of 
domains in a single protein determines its overall function.

Dominant An allele (or the trait encoded by that allele) which produces its char-
acteristic phenotype when present in the heterozygous form.
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Dominant Negative Mutation A mutation which results in a mutant gene product 
which can inhibit the function of the wild-type gene product in heterozygotes.

Dosage Effect The number of copies of a gene; variation in the number of copies 
can result in aberrant gene expression or associated with disease phenotype.

Drug Design Development of new classes of medicines based on a reasoned 
approach using gene sequence and protein structure function information rather 
than the traditional trial- and- error method.

Drug Interactions Refer to adverse drug interaction, drug–drug interaction, 
drug–laboratory interaction, drug–food interaction, etc. It is defined as an action 
of a drug on the effectiveness or toxicity of another drug.

Dual-Chamber Pacemaker A pacemaker with two leads (one in the atrium and 
one in the ventricle) to allow pacing and/or sensing in both chambers of the heart 
to artificially restore the natural contraction sequence of the heart. (Also called 
physiologic pacing.)

Electronic Health Record [EHR] A real-time patient health record with 
access to evidence-based decision support tools that can be used to aid clini-
cians in decision-making, automating and streamlining clinician’s workflow, 
ensuring that all clinical information is communicated.   It can also support 
the collection of data for uses other than clinical care, such as billing, quality 
management, outcome reporting, and public health disease surveillance and 
reporting.

Ejection Fraction A measure of the output of the heart with each heartbeat 
(stroke volume divided by end-diastolic volume)

Electrocardiogram (ECG) A printout from an electrocardiography machine 
used to measure and record the electrical activity of the heart.

Electromagnetic Interference (EMI) Equipment and appliances that use mag-
nets and electricity have electromagnetic fields around them. If these fields are 
strong, they may interfere with the operation of the ICD.

Electrophysiology (EP) Study The use of programmed stimulation protocols to 
assess the electrical activity of the heart in order to diagnose arrhythmias.

Embryonic Stem Cells (ES cells) A cell line derived from undifferentiated, plu-
ripotent cells from the embryo.

Enhancer A regulatory DNA sequence that increases transcription of a gene. An 
enhancer can function in either orientation and it may be located up to several 
thousand base pairs upstream or down stream from the gene it regulates.

ENTREZ An online search and retrieval system that integrates information 
from databases at NCBI. These databases include nucleotide sequences, protein 
sequences, macromolecular structures, whole genomes, OMIM, and MEDLINE, 
through PubMed.

Environmental Factors May include chemical, dietary factors, infectious agents, 
physical and social factors.

Enzyme A protein which acts as a biological catalyst that controls the rate of a 
biochemical reaction within a cell.

Epigenetic A term describing non-mutational phenomenon, such as methylation 
and histone modification that modify the expression of a gene.

Terms and Phrases
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Euchromatin The fraction of the nuclear genome which contains transcription-
ally active DNA and which, unlike heterochromatin, adopts a relatively extended 
conformation.

Eukaryote An organism whose cells show internal compartmentalization in the 
form of membrane-bounded organelles (includes animals, plants, fungi and 
algae).

Exon The sections of a gene that code for all of its functional product. Eukaryotic 
genes may contain many exons interspersed with non-coding introns. An exon 
is represented in the mature mRNA product-the portions of an mRNA molecule 
that is left after all introns are spliced out, which serves as a template for protein 
synthesis.

Expression Sequences Tag (EST) Partial or full complement DNA sequences 
which can serve as markers for regions of the genome which encode expressed 
products.

Family History An essential tool in clinical genetics. Interpreting the family his-
tory can be complicated by many factors, including small families, incomplete 
or erroneous family histories, consanguinity, variable penetrance, and the current 
lack of real understanding of the multiple genes involved in polygenic (complex) 
diseases

Fibrillation A chaotic and unsynchronised quivering of the myocardium during 
which no effective pumping occurs. Fibrillation may occur in the atria or the 
ventricles.

Fluorescence In Situ Hybridization (FISH) A form of chromosome in situ 
hybridization in which nucleic acid probe is labelled by incorporation of a fluro-
phore, a chemical group that fluoresces when exposed to UV irradiation.

Founder Effect Changes in allelic frequencies that occur when a small group is 
separated from a large population and establishes in a new location.

Founder Mutation Specific mutation in a particular gene present in an ethnic 
migrant population that is prevalent in the indigenous population.

Frame-Shift Mutation The addition or deletion of a number of DNA bases that 
is not a multiple of three, thus causing a shift in the reading frame of the gene. 
This shift leads to a change in the reading frame of all parts of a gene that are 
downstream from the mutation leading to a premature stop codon, and thus to a 
truncated protein product.

Functional Genomics The development and implementation of technologies to 
characterize the mechanisms through which genes and their products function 
and interact with each other and with the environment.

Gain-of-Function Mutation A mutation that produces a protein that takes on a 
new or enhanced function.

Gene The fundamental unit of heredity; in molecular terms, a gene comprises a 
length of DNA that encodes a functional product, which may be a polypeptide 
(a whole or constituent part of a protein or an enzyme) or a ribonucleic acid. It 
includes regions that precede and follow the coding region as well as introns and 
exons. The exact boundaries of a gene are often ill-defined since many promoter 
and enhancer regions dispersed over many kilobases may influence transcription.
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Gene-Based Therapy Refers to all treatment regimens that employ or target 
genetic material.   This includes (1) transfection (introducing cells whose genetic 
make-up is modified) (2) antisense therapy, and (3) naked DNA vaccination.

Gene Expression The process through which a gene is activated at a particular 
time and place so that its functional product is produced-i.e transcription into 
mRNA followed by translation into protein.

Gene Expression Profile The pattern of changes in the expression of a specific 
set of genes that is relevant to a disease or treatment. The detection of this pattern 
depends upon the use of specific gene expression measurement technique.

Gene Family A group of closely related genes that make similar protein 
products.

Gene Knockouts A commonly used technique to demonstrate the phenotypic 
effects and/or variation related to a particular gene in a model organism, for 
example in mouse (see Knock-out); absence of many genes may have no appar-
ent effect upon phenotypes (though stress situations may reveal specific sus-
ceptibilities).  Other single knockouts may have a catastrophic effect upon the 
organism, or be lethal so that the organism cannot develop at all.

Gene Regulatory Network A functional map of the relationships between a 
number of different genes and gene products (proteins), regulatory  molecules, 
etc. that define the regulatory response of a cell with respect to a particular physi-
ological function.

Gene Therapy A therapeutic medical procedure that involves either replacing/
manipulating or supplementing non-functional genes with healthy genes. Gene 
therapy can be targeted to somatic (body) or germ (egg and sperm) cells. In 
somatic gene therapy the recipient’s genome is changed, but the change is not 
passed along to the next generation. In germ-line gene therapy, the parent’s 
egg or sperm cells are changed with the goal of passing on the changes to their 
offspring.

Genetics Refers to the study of heredity, gene and genetic material. In contrast to 
genomics, the genetics is traditionally related to lower-throughput, smaller-scale 
emphasis on single genes, rather than on studying structure, organisation and 
function of many genes.

Genetic Architecture Refers to the full range of genetic effects on a trait. Genetic 
architecture is a moving target that changes according to gene and genotype fre-
quencies, distributions of environmental factors, and such biological properties 
as age and sex.

Genetic Code The relationship between the order of nucleotide bases in the cod-
ing region of a gene and the order of amino acids in the polypeptide product. It is 
universal, triplet, non-overlapping code such that each set of three bases (termed 
a codon) specifies which of the 20 amino acids is present in the polypeptide chain 
product of a particular position.

Genetic Counseling An important process for individuals and families who have 
a genetic disease or who are at risk for such a disease. Genetic counseling pro-
vides patients and other family members information about their condition and 
helps them make informed decisions.
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Genetic Determinism The unsubstantiated theory that genetic factors determine 
a person’s health, behaviour, intelligence, or other complex attributes.

Genetic Engineering The use of molecular biology techniques such as restriction 
enzymes, ligation, and cloning to transfer genes among organisms (also known 
as recombinant DNA cloning).

Genetic Epidemiology A field of research in which correlations are sought 
between phenotypic trends and genetic variation across population groups.

Genetic Map A map showing the positions of genetic markers along the length 
of a chromosome relative to each other (genetic map) or in absolute distances 
from each other.

Genetic Susceptibility Predisposition to a particular disease due to the presence 
of a specific allele or combination of alleles in an individual’s genome.

Genome The complete set of chromosomal and extra-chromosomal DNA/RNA 
of an organism, a cell, an organelle or a virus.

Genome Annotation The process through which landmarks in a genomic 
sequence are characterized using computational and other means; for example, 
genes are identified, predictions made as to the function of their products, their 
regulatory regions defined and intergenic regions characterized (see Annotation).

Genome Project The research and technology development effort aimed at map-
ping and sequencing the entire genome of human beings and other organisms.

Genomics The study of the genome and its action. The term is commonly used 
to refer large-scale, high-throughput molecular analyses of multiple genes, gene 
products, or regions of genetic material (DNA and RNA). The term also includes 
the comparative aspect of genomes of various species, their evolution, and how 
they relate to each other (see comparative genomics).

Genotype The genetic constitution of an organism; commonly used in reference 
to a specific disease or trait.

Genetic Discrimination Unfavourable discrimination of an individual, a family, 
community, or an ethnic group on the basis of genetic information. Discrimination 
may include societal segregation, political persecution, opportunities for educa-
tion and training, lack or restricted employment prospects, and adequate per-
sonal financial planning, for example life insurance and mortgage.

Genomic Drugs Drugs based on molecular targets; genomic knowledge of the 
genes involved in diseases, disease pathways, and drug-response

Genomic Instability An increased tendency of the GENOME to acquire 
MUTATIONS when various processes involved in maintaining and replicating 
the genome are dysfunctional

Genomic Profiling Complete genomic sequence of an individual including the 
expression profile. This would be targeted to specific requirements, for example 
most common complex diseases (diabetes, hypertension and coronary heart disease).

Genetic Screening Testing a population group to identify a subset of individuals 
at high risk for having or transmitting a specific genetic disorder

Genetic Test An analysis performed on human DNA, RNA, genes and/or chro-
mosomes to detect heritable or acquired genotypes. A genetic test also is the 
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analysis of human proteins and certain metabolites, which are predominantly 
used to detect heritable or acquired genotypes, mutations or phenotypes.

Genetic Testing Strictly refers to testing for a specific chromosomal abnormality 
or a DNA (nuclear or mitochondrial) mutation already known to exist in a fam-
ily member. This includes diagnostic testing (post-natal or pre-natal), pre-symp-
tomatic or predictive genetic testing or for establishing the carrier status. The 
individual concerned should have been offered full information on all aspects 
of the genetic test through the process of ‘non-judgemental and non-directive’ 
genetic counselling. Most laboratories require a formal fully informed signed 
consent before carrying out the test. Genetic testing commonly involves DNA/
RNA-based tests for single gene variants, complex genotypes, acquired muta-
tions and measures of gene expression. Epidemiologic studies are needed to 
establish clinical validity of each method to establish sensitivity, specificity, and 
predictive value.

Germ-Line Cells A cell with a haploid chromosome content (also referred to as a 
gamete); in animals, sperm or egg and in plants, pollen or ovum.

Germ-Line Mosaic (Germinal mosaic, gonadal mosaic, gonosomal mosaic): an 
individual who has a subset of germline celles carrying a mutation which is not 
found in other germline cells.

Germ-Line Mutation A gene change in the body’s reproductive cells (egg or 
sperm) that becomes incorporated into the DNA of every cell in the body of off-
spring; germline mutations are passed on from parents to offspring, also called 
hereditary mutation.

Haploid Describing a cell (typically a gamete) which has only a single copy of 
each chromosome (i.e. 23 in man).

Haplotype A series of closely linked loci on a particular chromosome which tend 
to be inherited together as a block.

Heart Block A condition in which electrical impulses are not conducted in the 
normal fashion from the atria to the ventricles. May be caused by damage or 
disease processes within the cardiac conduction system.

Hemodynamics The forces involved in circulating blood through the cardiovas-
cular system. The heart adapts its haemodynamic performance to the needs of the 
body, increasing its output of blood when muscles are working and decreasing 
output when the body is at rest.

Heterozygote Refers to a particular allele of a gene at a defined chromosome 
locus. A heterozygote has a different allelic form of the gene at each of the two 
homologous chromosomes.

Heterozygosity The presence of different alleles of a gene in one individual or in 
a population—a measure of genetic diversity.

Holter Monitoring A technique for the continuous recording of electrocardio-
graphic (ECG) signals, usually over 24 h, to detect and diagnose ECG changes. 
(Also called ambulatory monitoring.)

Homology Similarity between two sequences due to their evolution from a com-
mon ancestor, often referred to as homologs.
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Homozygote Refers to same allelic form of a gene on each of the two homolo-
gous chromosomes.

Human Genome Project A programme to determine the sequence of the entire 
three billion bases of the human genome.

Human Gene Transfer The process of transferring genetic material (DNA or 
RNA) into a person; an experimental therapeutic procedure to treat certain health 
problems by compensating for defective genes, producing a potentially therapeu-
tic substance, or triggering the immune system to fight disease. This may help 
improve genetic disorders, particularly those conditions that result from inborn 
errors in a single gene (for example, sickle cell anemia, hemophilia, and cystic 
fibrosis), and as well as with complex disorders, like cancer, heart disease, and 
certain infectious diseases, such as HIV/AIDS.

Implantable Cardioverter Defibrillator (ICD) An ICD is an implanted device 
used to treat abnormal, fast heart rhythms. Several types of therapies are used 
by the ICD, including cardioversion, defibrillation, and antitachycardia pacing.

Identity by Descent (IBD) Alleles in an individual or in two people that are 
identical because they have been inherited from the same common ancestor, as 
opposed to identity by state (IBS), which is coincidental possession of similar 
alleles in unrelated individuals. (see Consanguinity).

Immunogenomics Refers to the study of organisation, function and evolu-
tion of vertebrate defense genes, particularly those encoded by the Major 
Histocompatibility Complex (MHC) and the Leukocyte Receptor Complex 
(LRC). Both complexes form integral parts of the immune system. The MHC 
is the most important genetic region in relation to infection and common dis-
ease such as autoimmunity. Driven by pathogen variability, immune genes have 
become the most polymorphic loci known, with some genes having over 500 
alleles. The main function of these genes is to provide protection against patho-
gens and they achieve this through complex pathways for antigen processing and 
presentation.

Informatics The study of the application of computer and statistical techniques 
to the management of information. In genome projects, informatics includes the 
development of methods to search databases quickly, to analyze DNA sequence 
information, and to predict protein sequence and structure from DNA sequence 
data.

Intron A non-coding sequence within eukaryotic genes which separates the exons 
(coding regions). Introns are spliced out of the messenger RNA molecule created 
from a gene after transcription, prior to protein translation (protein synthesis).

Ischemia Insufficient blood flow to tissue due to blockage in the blood flow 
through the arteries.

Isoforms/Isozymes Alternative forms of protein/enzyme.
In Situ Hybdridization Hybridization of a labelled nucleic acid to a target 

nucleic acid which is typically immobilized on a microscopic slide, such as 
DNA of denatured metaphase chromosomes (as in fluorescent in situ hybdridiza-
tion [FISH]) or the RNA in a section of tissue (as in tissue in situ hybridization 
[TISH]).
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In Vitro (Latin) literally “in glass”, meaning outside of the organism in the labo-
ratory, for example a tissue culture.

In Vivo (Latin) literally “in life”, meaning within a living organism.
Knock-out A technique used primarily in mouse genetics to inactivate a particu-

lar gene in order to define its function.
Lead In an ICD system, the wire or catheter which conducts energy from the ICD 

to the heart, and from the heart to the ICD.
Left Ventricular Dysfunction A heart condition in which the heart is unable 

maintain normal cardiac output due to a deficiency in the left ventricle.
Library A collection of genomic or complementary DNA sequences from a par-

ticular organism that have been cloned in a vector and grown in an appropriate 
host organism (e.g. bacteria or yeast).

Ligase An enzyme which can use ATP to create phosphate bonds between the 
ends of two DNA fragments, effectively joining two DNA molecules into one.

Linkage The phenomenon whereby pairs of genes which are located in close 
proximity on the same chromosome tend to be co-inherited.

Linkage Analysis A process of locating genes on the chromosome by measuring 
recombination rates between phenotypic and genetic markers (see Lod score)

Linkage Disequilibrium The non-random association in a population of alleles 
at nearby loci.

Locus The specific site on a chromosome at which a particular gene or other DNA 
landmark is located.

Lod Score A measure of likelihood of genetic linkage between loci; a lod score 
greater than +3 is often taken as evidence of linkage; one that is less than −2 
often taken as evidence against linkage.

Loss-of-Function Mutation A mutation that decreases the production or func-
tion (or both) of the gene product.

Loss of Heteorozygosity (LOH) Loss of alleles on one chromosome detected by 
assaying for markers for which an individual is constitutionally heterozygous.

Lyonization The process of random X chromosome inactivation in mammals.
Marker A specific feature at an identified physical location on a chromosome, 

whose inheritance can be followed. The position of a gene implicated in a par-
ticular phenotypic effect can be defined through its linkage to such markers.

Meiosis Reductive cell division occurring exclusively in testis and ovary and 
resulting in the production of haploid cells, including sperm cells and egg cells.

Mendelian Genetics Classical genetics, focuses on monogenic genes with high 
penetrance. The Mendelian genetics is a true paradigm and is used in discussing 
the mode of inheritance (see Monogenic disease).

Messenger RNA (mRNA) RNA molecules that are synthesized from a DNA 
template in the nucleus (a gene) and transported to ribosomes in the cytoplasm 
where they serve as a template for the synthesis of protein (translation).

Microarrays-Diagnostics A rapidly developing tool increasingly used in phar-
maceutical and genomics research and has the potential for applications in high-
throughput diagnostic devices. Microarrays can be made of DNA sequences with 
known gene mutations, polymorphisms, and as well as selected protein molecules.
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Microsatellite DNA Small array (often less than 0.1  kb) of short tandemly 
repeated DNA sequences.

Minisatellite DNA An intermediate size array (often 0.1 to 20 kb long) of short 
tandemly repeated DNA sequences. Hypervaiable minisatellite DNA is the basis 
of DNA finderprinting and many VNTR markers.

Missense Mutation Substitution of a single DNA base that results in a codon that 
specifies an alternative amino acid.

Mitochondria Cellular organelles present in eukaryotic organisms which enable 
aerobic respiration and generate the energy to drive cellular processes. Each 
mitochondria contains a small amount of circular DNA encoding a small number 
of genes (approximately 50).

Mitosis Cell division in somatic cells.
Model Organism An experimental organism in which a particular physiological 

process or disease has similar characteristics to the corresponding process in 
humans, permitting the investigation of the common underlying mechanisms.

Modifier Gene A gene whose expression can influence a phenotype resulting 
from mutation at another locus.

Molecular Genetic Screening Screening a section of the population known to 
be at a higher risk to be heterozygous for one of the mutations in the gene for a 
common autosomal recessive disease, for example, screening for cystic fibrosis 
in the North-European populations and beta-thalassaemia in the Mediterranean 
and Middle-East population groups.

Molecular Genetic Testing Molecular genetic testing for use in patient diag-
nosis, management, and genetic counselling; this is increasingly used in pre- 
symptomatic (predictive) genetic testing of ‘at-risk’ family members using a 
previously known disease-causing mutation in the family.

Mosaic A genetic mosaic is an individual who has two or more genetically differ-
ent cell lines derived from a single zygote.

Motif A DNA-sequence pattern within a gene that, because of its similarity to 
sequences in other known genes, suggests a possible function of the gene, its 
protein products, or both.

Multifactorial Disease Any disease or disorder caused by interaction of multiple 
genetic (polygenic) and environmental factors.

Multigene Family A set of evolutionary related loci within a genome, at least one 
of which can encode a functional product.

Mutation A heritable alteration in the DNA sequence.
Myocardial Infarction Death of a portion of the heart muscle tissue due to a 

blockage or interruption in the supply of blood to the heart muscle.
Myocardium The middle and the thickest layer of the heart wall, composed of 

cardiac muscle.
Natural Selection The process whereby some of the inherited genetic variation 

within a population will affect the ability of individuals to survive to reproduce 
(fitness).

Neutral Mutation A change or alteration in DNA sequence which has no pheno-
typic effect (or has no effect on fitness).
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New-Born Screening Performed in newborns in state public health programs 
to detect certain genetic diseases for which early diagnosis and treatment are 
available.

Non-Coding Sequence A region of DNA that is not translated into protein. 
Some non-coding sequences are regulatory portions of genes, others may serve 
structural purposes (telomoeres, centromeres), while others may not have any 
function.

Nonconservative Mutation A change in the DNA or RNA sequence that leads to 
the replacement of one amino acid with a very dissimilar one.

Nonsense Mutation Substitution of a single DNA base that leads in a stop codon, 
thus leading to the truncation of a protein.

Northern Blot Hybridization A form of molecular hybridization in which target 
consists of RNA molecules that have been size fractioned by gel electrophoresis 
and subsequently transferred to a membrane.

Nucleotide A subunit of the DNA or RNA molecule. A nucleotide is a base mol-
ecule (adenine, cytosine, guanine and thymine in the case of DNA), linked to a 
sugar molecule (deoxyribose or ribose) and phosphate groups.

Nullizygous Lacking any copy of a gene or DNA sequence normally found in 
chromosomal DNA usually resulting from homozygous deletion in an autosome 
or from a single deletion in sex chromosomes in male.

Oncogene An acquired mutant form of a gene which acts to transform a normal 
cell into a cancerous one.

On-line Mendelian Inheritance in Man (OMIM) Victor McKusick’s regu-
larly updated electronic catalog of inherited human disorders and phenotypic 
traits accessible on NCBI network. Each entry is designated by a number (MIM 
number).

Open Reading Frame (ORF) A significantly long sequence of DNA in which 
there are no termination codons. Each DNA duplex can have six reading frames, 
three for each single strand.

Ortholog One of set of homologous genes or proteins that perform similar func-
tions in different species, i.e. identical genes from different species, for example 
SRY in humans and Sry in mice.

Paralog Similar genes (members of a gene family) or proteins (homologous) in a 
single species or different species that perform different functions.

Penetrance The likelihood that a person carrying a particular mutant gene will 
have an altered phenotype (see Phenotype).

Pulse Field Gel Eletrophoresis (PFGE) A form of gel electrophoresis which 
permits size fractionation of large DNA molecules.

Pharmacogenomics The identification of the genes which influence individual 
variation in the efficacy or toxicity of therapeutic agents, and the application of 
this information in clinical practice.

Phenotype The clinical and/or any other manifestation or expression, such as a 
biochemical immunological alteration, of a specific gene or genes, environmen-
tal factors, or both.

Physical (Gene) Map A map showing the absolute distances between genes.
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Point Mutation The substitution of a single DNA base in the normal DNA 
sequence.

Polygenic Trait or Character A character or trait determined by the combined 
action of a number of loci, each with a small effect.

Polymerase Chain Reaction (PCR) A molecular biology technique developed in 
the mid-1980s through which specific DNA segments may be amplified selectively.

Polymorphism The stable existence of two or more variant allelic forms of a gene 
within a particular population, or among different populations.

Positional Cloning The technique through which candidate genes are located in 
the genome through their co-inheritance with linked markers. It allows genes 
to be identified that lack information regarding the biochemical actions of their 
functional product.

Post-transcriptional Modification A series of steps through which protein mole-
cules are biochemically modified within a cell following synthesis by translation 
of messenger RNA. A protein may undergo a complex series of modifications 
in different cellular compartments before its final functional form is produced.

Predictive Testing Determines the probability that a healthy individual with or 
without a family history of a certain disease might develop that disease.

Predisposition, Genetic Increased susceptibility to a particular disease due to the 
presence of one or more gene mutations, and/or a combination of alleles (haplo-
type), not necessarily abnormal, that is associated with an increased risk for the 
disease, and/or a family history that indicates an increased risk for the disease.

Predisposition Test A test for a genetic predisposition (incompletely penetrant 
conditions). Not all people with a positive test result will manifest the disease 
during their lifetimes

Pre-implantation Genetic Diagnosis (PIGD) Used following in vitro fertiliza-
tion to diagnose a genetic disease or condition in a pre-implantation embryo.

Premature Atrial Contraction (PAC) A contraction in the atrium which is initi-
ated by an ectopic focus and occurs earlier than the next expected normal sinus 
beat.

Premature Ventricular Contraction (PVC or VPD) A contraction in the ven-
tricle which is initiated by an ectopic focus and occurs earlier than the next 
expected normal sinus or escape rhythm beat.

Prenatal Diagnosis Used to diagnose a genetic disease or condition in a develop-
ing fetus.

Presymptomatic Test Predictive testing of individuals with a family history. 
Historically, the term has been used when testing for diseases or conditions such 
as Huntington’s disease where the likelihood of developing the condition (known 
as penetrance) is very high in people with a positive test result.

Primer A short nucleic acid sequence, often a synthetic oligonucleotide, which 
binds specifically to a single strand of a target nucleic acid sequence and initiates 
synthesis, using a suitable polymerase, of a complementary strand.

Probe A DNA or RNA fragment which has been labelled in some way, and used in a 
molecular hybridization assay to identify closely related DNA or RNA sequences.
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Prokaryote An organism or cell lacking a nucleus and other membrane bounded 
organelles. Bacteria are prokaryotic organisms.

Promoter A combination of short sequence elements to which RNA polymerase 
binds in order to initiate transcription of a gene.

Protein A protein is the biological effector molecule encoded by sequences of a 
gene. A protein molecule consists of one or more polypeptide chains of amino-
acid subunits. The functional action of a protein depends on its three- dimensional 
structure, which is determined by its aminoacid composition.

Proteome All of the proteins present in a cell or organism.
Proteomics The development and application of techniques to investigate the 

protein products of the genome and how they interact to determine biological 
functions.

Proto-Oncogene A cellular gene which when mutated is inappropriately 
expressed and becomes an oncogene.

Pseudoautosomal Region (PAR) A region on the tips of mammalian X chromo-
somes which is involved in recombination during male meiosis.

Pesudogene A DNA sequence which shows a high degree of sequence homology 
to a nonallelic functional gene but which is itself nonfunctional.

Recessive An allele that has no phenotypic effect in the heterozygous state.
Recombinant DNA Technology The use of molecular biology techniques such 

as restriction enzymes, ligation, and cloning to transfer genes among organisms 
(see genetic engineering).

Regulatory Mutation A mutation in a region of the genome that does not encode 
a protein but affects the expression of a gene.

Regulatory Sequence A DNA sequence to which specific proteins bind to acti-
vate or repress the expression of a gene.

Repeat Sequences A stretch of DNA bases that occurs in the genome in multiple 
identical or closely related copies.

Replication A process by which a new DNA strand is synthesized by copying an 
existing strand, using it as a template for the addition of a complementary bases, 
catalyzed by a DNA polymerase enzyme.

Reproductive Cloning Techniques aimed at the generation of an organism with 
an identical genome to an existing organism.

Restriction Enzymes A family of enzymes derived from bacterial that cut DNA 
at specific sequences of bases.

Restriction Fragment Length Polymorphism (RFLP) A polymorphism due to 
difference in size of allelic restriction fragments as a result of restriction site 
polymorphism.

Ribonucleic Acid (RNA) A single stranded nucleic acid molecule comprising a 
linear chain made up from four nucleotide subunits (A, C, G and U). There are 
three types of RNA messenger, transfer and ribosomal.

Risk Communication An important aspect of genetic counselling which involves 
pedigree analysis, interpretation of the inheritance pattern, genetic risk assess-
ment, and explanation to the family member (or the family).
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Reverse Transcriptase-PCR (RT-PCR) A PCR reaction in which the target 
DNA is a cDNA copied by reverse transcriptase from an mRNA source.

Screening Carrying out of a test or tests, examination(s) or procedure(s) in 
order to expose undetected abnormalities, unrecognized (incipient) diseases, or 
defects: examples are early diagnosis of cancer using mass X-ray mammography 
for breast cancer and cervical smears for cancer of the cervix.

Segregation The separation of chromosomes (and the alleles they carry) during 
meiosis; alleles on different chromosomes segregate randomly among the gam-
etes (and the progeny).

Sensitivity (of a Screening Test) Extent (usually expressed as a percentage) to 
which a method gives results that are free from false negatives; the fewer the 
false negatives, the greater the sensitivity. Quantitatively, sensitivity is the pro-
portion of truly diseased persons in the screened population who are identified as 
diseased by the screening test.

Sex Chromosome The pair of chromosomes that determines the sex (gender) of 
an organism. In man one X and one Y chromosomes constitute a male compared 
to two X chromosomes in a female.

Sex Selection Preferential selection of the unborn child on the basis of the gender 
for social and cultural purposes. However, this may be acceptable for medical 
reasons, for example to prevent the birth of a male assessed to be at risk for an 
x-linked recessive disease. For further information visit:  http://www.bioethics.
gov/topics/sex_index.html

Shotgun Sequencing A cloning method in which total genomic DNA is ran-
domly sheared and the fragments ligated into a cloning vector, also referred to 
as ‘shotgun’ cloning.

Signal Transduction The molecular pathways through which a cell senses 
changes in its external environment and changes its gene expression patterns in 
response.

Silent Mutation Substitution of a single DNA base that produces no change in 
the aminoacid sequence of the encoded protein.

Single-Nucleotide Polymorphism (SNP) A common variant in the genome 
sequence; the human genome contains about ten million SNPs.

Sinoatrial (SA) Node The heart’s natural pacemaker located in the right atrium. 
Electrical impulses originate here and travel through the heart, causing it to beat.

Somatic All of the cells in the body which are not gametes (germ-line).
Southern Blot Hybridization A form of molecular hybridization in which the 

target nucleic acid consists of DNA molecules that have been size fractioned 
by gel electrophoresis and subsequently transferred to a nitrocellulose or nylon 
membrane.

Splicing A process by which introns are removed from a messenger RNA prior to 
translation and the exons adjoined.

Stem Cell A cell which has the potential to differentiate into a variety of different 
cell types depending on the environmental stimuli it receives.

Stop Codon A codon that leads to the termination of a protein rather than to the 
addition of a amnioacid. The three stop codons are TGA, TAA, and TAG.
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Sudden Cardiac Death (SCD) Death due to cardiac causes within 1 h of the onset 
of symptoms, with no prior warning, usually caused by ventricular fibrillation.

Supraventricular Tachycardia (SVT) A tachycardia originating from above the 
ventricles.

Syncope Fainting, loss of consciousness, or dizziness which may be due to a tran-
sient disturbance of cardiac rhythm (arrhythmia) or other causes.

Synteny A large group of genes that appear in the same order on the chromo-
somes of two different species.

Systems Biology Refers to simultaneous measurement of thousands of molecular 
components (such as transcripts, proteins, and metabolites) and integrate these 
disparate data sets with clinical end points, in a biologically relevant manner; this 
model can be applied in understanding the etiology of disease.

Tachycardia (Tachyarrhythmia) Rapid beating of either or both chambers of 
the heart, usually defined as a rate over 100 beats per minute.

Telomere The natural end of the chromosome.
Therapeutic Cloning The generation and manipulation of stem cells with the 

objective of deriving cells of a particular organ or tissue to treat a disease.
Transcription The process through which a gene is expressed to generate a com-

plementary RNA molecule on a DNA template using RNA polymerase.
Transcription Factor A protein which binds DNA at specific sequences and reg-

ulates the transcription of specific genes.
Transcriptome The total messenger RNA expressed in a cell or tissue at a given 

point in time.
Transfection A process by which new DNA is inserted in a eukaryotic cell allow-

ing stable integration into the cell’s genome.
Transformation Introduction of foreign DNA into a cell and expression of genes 

from the introduced DNA; this does not necessarily include integration into host 
cell genome.

Transgene A gene from one source that has been incorporated into the genome 
of another organism.

Transgenic Animal/Plant A fertile animal or plant that carries an introduced 
gene(s) in its germ-line.

Translation A process through which a polypeptide chain of amino acid mol-
ecules is generated as directed by the sequence of a particular messenger RNA 
sequence.

Tumour Suppressor Gene A gene which serves to protect cells from entering a 
cancerous state; according to Knudson’s “two-hit” hypothesis, both alleles of a 
particular tumour suppressor gene must acquire a mutation before the cell will 
enter a transformed cancerous state.

Unequal Crossing Over Recombination between nonallelic sequences on non-
sister chromatids of homologous chromosomes.

Ventricle One of the two lower chambers of the heart. (See Atrium)
Ventricular Fibrillation (VF) Very fast, chaotic, quivering heart contractions 

that start in the ventricles. During VF, the heart does not beat properly. This often 
results in fainting. If left untreated, it may result in cardiac arrest. Blood is not 
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pumped from the heart to the rest of the body. Death will occur if defibrillation is 
not initiated within 6 min from the onset of VF.

Ventricular Tachycardia (VT) A rapid heart rate that starts in the ventricles. 
During VT, the heart does not have time to fill with enough blood between heart 
beats to supply the entire body with sufficient blood. It may cause dizziness and 
light-headedness.

Western Blotting A process in which proteins are size-fractioned in a polyacryl-
amide gel prior to transfer to a nitrocellulose membrane for probing with an 
antibody.

X-Chromosome Inactivation Random inactivation of one of the two X chromo-
somes in mammals by a specialized form of genetic imprinting (see Lyonization).

Yeast Artificial Chromosome (YAC) An artificial chromosome produced by 
combining large fragments of foreign DNA with small sequence elements neces-
sary for chromosome function in yeast cells.

Yeast Two-Hybrid System A genetic method for analysing the interactions of 
proteins.

Zinc Finger A polypeptide motif which is stabilized by binding a zinc atom and 
confers on proteins an ability to bind specifically to DNA sequences; commonly 
found in transcription factors.

Zoo Blot A Southern blot containing DNA samples from different species.
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A
Action potential duration (APD), 487, 494, 

497, 498, 501
Activin Receptor Like Type 1 (ACVR1), 746
Adult cardiomyopathy

ACE inhibitors, 526, 527
aggressive treatment, 526
aldosterone receptor antagonists, 527
baseline laboratory assessment, 525
beta blockers, 526
classification schemes, 525
device therapy, 527
diuretics, 527
familial disease, 525
hydralazine, 527
impaired cardiac function, 525
initial history, 525
isosorbide, 527
medical therapy, 527, 528
physical assessment and examination, 525
severe systolic dysfunction, 527
stage, 526
symptoms, 525
therapy, 526

Adverse drug reaction (ADR), definition, 120
Alcohol septal ablation (ASA), 270
Alkaptonuria, 225–227
Allelic heterogeneity, 263
Alpha-thalassaemia, 748
Alzheimer’s disease, 547, 710
Ambrisentan, 744
Amiodarone, 851
Amyloid heart disease, 546
Amyloidosis, definition, 546
Andersen-Tawil syndrome, 429
Anderson Fabry disease (AFD), 74, 272, 398
Aneuploidy

in clinical practice, 175, 176
of chromosome 21, 175

Aneurysmal dilation, 648
Aneurysm-osteoarthritis syndrome (SMAD3), 

652
Angelman syndrome, 14
Angiotensin-converting enzyme inhibitors 

(ACEIs), 156, 286
Angiotensin II receptor blockers (ARBs), 156
Antiarrhythmic therapy, 378

atrial fibrillation, 153
clinical utility, 155
torsade de pointes, 154

Antiphospholipid syndrome (APS), 683, 684
Anxiety, 90
Aortic aneurysms

arterial/aortic tortuosity, 622–623
definition, 619
homeostasis implication, 621
mechanobiology, 621
MFS, 625–626
mitral valve prolapse, 623

Aortic dilatation, definition, 619
Aortic dissections, 619–621

homeostasis implication, 621
mechanobiology, 621, 622
MFS, 625–626

Aortic stiffness, 634
Apolipoprotein A-I amyloidosis (AApoAI), 

568
Apolipoprotein AII amyloidosis (AApoAII), 

569
Apolipoprotein E (apoE), 141
Arachnodactyly, 591, 593
Array comparative genomic hybridisation 

(aCGH), 30, 177, 182
Arrhythmias, 581, 627, 628

Index
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Arrhythmic risk stratification, 377, 378
Arrhythmogenic cardiomyopathy (AC)

age-related penetrance, 368, 384
antiarrhythmic drugs, 376
autosomal dominant trait, 379
basal 12-lead ECG, preparticipation 

screening, 369
cardiomyocyte death, 367
catheter ablation, 377
clinical features, 372
clinical management, 376, 377
compound/digenic heterozygosity, 368
contrast-enhanced CMR, 375
desmosomal and extra-desmosomal 

encoding genes, 379
diagnosis, 372, 374
differential diagnosis, 375
electrical instability, 372
endomyocardial biopsy, 375
epigenetic factors, 384
exomic sequence analysis, 379
familial-evaluation, 375
fibro-fatty repair, 367
genetic background, 380
genetic risk assessment, 379, 382
genetic screening, 384
heart transplantation, 377
inheritance pattern, 368
intercalated discs, 381
molecular pathology, 368
non-familial forms, 379
pathogenic mutations, 372, 379
pathognomonic features, 371
pathological features, 371
postmortem genetic test, 370
prevalence, 367
revised 2010 criteria, 375
2010 Revised Task Force Criteria, 373, 374
risk stratification, 378
signs, 371
sudden death, 367, 370, 372, 377

Arrhythmogenic dilated cardiomyopathy 
(ACM), 352

clinical history and manifestation, 353
diagnostic definition, 351, 353
dilated cardiomitomyopathies, 354–356
genetic basis, 352–353
mitochondrial DNA defect related 

cardiomyopathy, 354–356
mutations, 352
steinert disease, 356, 357

Arrhythmogenic right ventricular 
cardiomyopathy (ARVC), 45, 46, 
64, 762, 764

Arrhythmogenic right ventricular dysplasia 
(ARVD), 790, 792, 800

Arrthythmias, 198
Arterial tortuosity syndrome (ATS), 633
Arteriomegaly, 648
Assisted reproductive technology (ART), 87
Atherosclerosis

PsA, 685
RA, 681
vasculitis, 687

Athletic heart, 376
Atrial fibrillation (AF), 153

bioinformatics, 504
and BMI, 493
common genetic variants, 499–504

cardiac ion channels, 501
GWAS, 500–503
4q25, 499–501
two hit hypothesis, 503

definition, 482
environmental and genetic factors, 504
genes associated with, 504, 505
genetic testing, 504–505
genomics in therapy, 505–508
incidence of, 493
Na+ channel mutations, 498
non-ion channel mutations

GATA4, 498
GATA6, 498
GJA1 and GJA5, 499
GREM2, 499
LMNA, 498
NPPA, 498
NUP155, 498

potassium channel mutations
ABCC9, 497
KCNE1-5, 497
KCNJ2, 497
KCNJ8, 497
KCNQ1, 497

prevalence of, 493
structural and functional anomalies, 494

Atrial fibrosis, 582
Atrial tachyarrhythmias, 582, 584
ATTR. See Transthyretin (TTR) mutations
Autosomal dominant inheritance, 20–22, 368
Autosomal recessive inheritance, 18–20
Autosomes, 3

B
Baltimore-Washington Infant Study, 184
Bangungut phenomenon, 439
Barth syndrome, 252, 280, 397

Index
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Beals syndrome, 590
Beta-blockers (βBs), 149

ADRB1, 151
clinical utility, 153
CYP2D6, 152
GRK4, 152
pharmacogenomics and clinical outcomes, 

hypertensive patients, 149–151
Beta-thalassaemia, 748
Bias, 36
Bicuspid aortic valve (BAV), 653
Bioinformatics, 108, 110, 111, 113, 503, 504

alignment, 105
base calling, 105
copy number variation analysis, 105
demultiplexing, 105
variants annotation, 105–106
variants identification, 105

Bipolar endocardial voltage mapping, 376
Biventricular pacing, 584
Bone morphogenetic protein receptor type II 

(BMPR2) gene, 746, 748, 749
Bosentan, 745
Bradyarrhythmias, 249, 250, 581, 582, 764, 

845
Brugada syndrome, 42, 59, 794

ablation therapy, 455
abnormal conduction velocity restitution, 451
antiarrhythmic drugs, 438, 455
asymptomatic patients, 456
biventricular endomyocardial biopsies, 449
Brugada ECG, 443, 446
calcium channel mutation, 447
cardiac ion channel abnormalities, 449
cardiac sodium channel (SCN5A) 

mutations, 439
causes, 446
clinical phenotype, 452
conduction defects, 446
consensus criteria, 449
description, 438
diagnosis, 443, 444
differential diagnosis, 445
drugs, 444, 445
ECG characteristics, 442, 451
ECG lead placement, 439
ECG pattern, 444
electrocardiogram, 438
electrogram fractionation, 451
endocardial catheter ablation, 442
epicardial ablation, 451
epicardial fatty infiltration, 451
exon mutations or duplications, SCN5A 

gene, 452

familial screening, 444
familial segregation, 438
fibrosis, 443, 451
functional and subclinical structural 

derangements, 451
gene expression, 452
genetic counselling, 456
genetic mutations, 440
genetic variants, 452
genotype–phenotype relationship, 456
GPD1L gene, 440
hyperthermia, 445, 455
ICD-therapy, 440, 455
24-h 12-lead Holter monitoring, 454
implantable cardioverter  

defibrillator, 440
loss-of-function missense mutations, 440
magnetic resonance imaging, 449
malignant arrhythmic events, 441
medical testing, 439
mutation carriers, 453
nocturnal death, 439
non-invasive risk stratification, 454
oral therapy with quinidine, 440
pathophysiologic mechanisms, 440, 448
post-mortem and biopsy material analysis, 

451
premature ventricular complexes, 442
presymptomatic genetic testing, 453
prevalence, 440, 441
prognosis, 453
provocation test, 446
QRS fractionation/fragmentation, 447
repolarisation and depolarization 

hypothesis, 448, 449
right precordial leads, 439
right ventricular fibrosis, 451
risk stratification, 440, 453, 456
SCN5A mutations, 451
sex hormones, 443
signal-averaged ECGs, 447
sodium channel function loss, 452
ST segment morphologies, 438
substernal discomfort, 439
sudden cardiac death, 438, 453
symptomatic patients, 456
therapy, 455
treatment, 453
ventricular arrhythmias, 448
ventricular tachyarrhythmias, 451
Xenopus oocytes, 439

Brugada syndromes (BrS), 487, 488
Bundle branch re-entry ventricular tachycardia 

(BBRVT), 582
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C
Calcium antagonists, 270
Calumenin (CALU), 128
Cangrelor, 148
Cantú syndrome, 747
Carboxylesterase 1 (CES1), 129
Cardiac amyloidosis (CA), 553
Cardiac biomarker, 284, 561
Cardiac conduction, 581
Cardiac conduction disease (CCD)

common genetic variants, role of,  
491–492

gap junction structure, 484
patient management, 492
sodium channel mutations

SCN1B, 488
SCN5A, 484, 486
SCN10A, 488

structural cardiac defects
NKX2.5, 490
Tbx5, 490–491

in structurally normal hearts
connexins, 488
KCNK17, 489–490
TRPM4, 488–490

Cardiac disease, 524, 529
Cardiac embryology and development, 390
Cardiac failure, clinical symptoms, 393
Cardiac magnetic resonance (CMR), 321
Cardiac phenotype, 354
Cardiac resynchronization therapy (CRT), 288, 

527, 584, 847–850
Cardiac trabeculation, 390
Cardiac Transplant Research Database, 536
Cardiac variant Fabry disease

genotype-phenotype correlations, 223–224
management, 223–225

Cardiogenesis, 396
Cardiomyopathies, 255, 272, 289, 818

definition, 260
HCM (see Hypertrophic cardiomyopathy 

(HCM))
metabolic (see Metabolic 

cardiomyopathies)
RCM (see Restrictive cardiomyopathy 

(RCM))
Cardiomyopathy (CMP), 198, 582, 583, 788, 

791
adults (see Adult cardiomyopathy)
ICD10, 37, 50
MFS, 627
PRKAG2 gene, 74

Cardiovascular disease (CVD), 156. See also 
Chronic immune-mediated 
inflammatory diseases (IMID)

and cardiovascular drug 
pharmacogenomics (see 
Cardiovascular pharmacogenomics)

inherited metabolic disorders, 191–197, 205
investigation and management, 199

Cardiovascular pharmacogenomics
antiarrhythmics

atrial fibrillation, 153–154
clinical utility, 154–155
torsade de pointes, 153–155

beta-blockers, 148–152
ADRB1, 149–152
clinical utility, 152–153
CYP2D6, 152
GRK4, 151–152
hypertensive patients, clinical outcomes 

in, 149–151
clopidogrel, 143–147

ABCB1, 147
CES1, 144–147
clinical utility, 147–149
CYP2C19, 144–147
newer P2Y12 antagonists, 147–148
pharmacogenomics and clinical 

outcomes, 145–146
RAAS, 155–156
statins, 132

candidate genes, 140
clinical utility, 141–143
efficacy, 139–142
HLA-DRB1*11:01, 134–139
LDL-C, statin therapy, 132, 141
mevalonate pathway, 133
SLCO1B1, 132–139
statin-associated myotoxicity, 134–137

warfarin
anticoagulant pharmacogenomics and 

clinical outcomes, 125–127
clinical utility, 130
cytochrome P450, 124–128
DOACs, 129
mechanism of action and metabolism, 

123
rs12777823, 128
rs339097, 128
rs7856096, 128
VKORC1, 123–124

Cardiovascular risk, prediction of, 729
Carnitine, 213, 215
Carnitine transport defects, 191, 213
Carpal tunnel syndrome, 553
Catecholaminergic polymorphic ventricular 

tachycardia (CPVT), 42, 60, 424, 
460

adrenergic-mediated bidirectional, 427
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arrhythmogenic syndrome, 427
autosomal recessive form, 430
beta-blocker therapy, 430
clinical case, 427, 428
clinical manifestations, 429
diagnosis, 429
epidemiology, 428
genetic information, 430
genetic screening and varients, 428
management, 430
optimal medical therapy, 431
pharmacological therapy, 430
prevalence, 428
risk stratification, 430
Triadin variants, 429

Catheter Ablation Versus Antiarrhythmic Drug 
Therapy for Atrial Fibrillation 
(CABANA) trial, 507

Caveolin 1 (CAV 1), 746
Central paradigm, 37
Cerebral amyloid angiopathy (CAA), 553, 716
Cerebral Autosomal Dominant Arteriopathy 

with Subcortical Infarcts and 
Leukoencephalopathy (CADASIL), 
696

clinical features of, 707
dementia, family history of, 710, 711
diagnosis, 707
estimation, 706
gene-gene and gene-environment 

interactions, 707
management of, 708
migraines and bipolar disease, 710
phenotypic variation, 707

Cerebral Autosomal Recessive Arteriopathy 
with Subcortical Infarcts and 
Leukoencephalopathy (CARASIL), 
710–712

Channelopathies. See Inherited arrhythmias
Charcot-Marie-Tooth disease, 398, 831, 833, 

836
Chorionic villus sample (CVS), 86
Chromosomal inheritance, 16
Chromosome 21, 16
Chronic haemolytic anaemia (CHA), 747, 748
Chronic hypoxia, 702
Chronic immune-mediated inflammatory 

diseases (IMID)
APS, 683, 684
atherosclerosis, 680
GCA, 687
PsA, 685
RA, 681–683
sarcoidosis, 687
SLE, 683

SpA, 685
SS, 686
SSc, 686
vasculitis, 687

Chronic myocarditis, 375
Chronic progressive external ophthalmoplegia 

(CPEO), 248, 249
Clinical Pharmacogenetics Implementation 

Consortium (CPIC) guidelines, 130
Clopidogrel, 144

ABCB1, 147
CES1, 147
clinical utility, 148
CYP2C19, 144
newer P2Y12 antagonists, 147
pharmacogenomics and clinical outcomes, 

145–146
Coding genome, 13
Codon reiteration disorders. See Trinucleotide 

repeat disorders
Codons, 3
Collagen VI mutations, 538
Combined heart-liver transplantation, 568
Commotio cordis, 765
Compound heterozygote, 18
Conduction disease, 73
Confidentiality, loss of, 82
Congenital cardiovascular disorders. See 

Congenital heart disease (CHD)
Congenital contractural arachnodactyly, 398, 

590, 633
Congenital disorders of glycosylation (CDG), 

225–227
Congenital heart disease (CHD), 747, 788

aCGH, 175–178, 182
aetiology of, 174
definition, 173
DNA point mutations, 177–184
environmental risk factors, 174
and epigenetics, 184–185
genetic assessment, clinical  

approach to
adult, 186–187
fetal life, 185
neonate and infant, 185–186
older child/young person, 185–186

genetic testing
aneuploidy, 175, 176
FISH, 175–177
karyotyping, 175

genomic sequencing
non-syndromic forms, 184
SNPs, 184
VEGF activity, 184

PAH, 747

Index
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Congenital heart malformation (CHM)
familial/sporadic single gene disease, 39
in familial ventricular septal defect, 39, 56
genetic mechanism, 39, 57
non-syndromic primum-type atrial septal 

defect/atrioventricular septal defect, 
39, 55

non-syndromic secundum-type atrial septal 
defect, 39, 54

sequential anatomical classification, 39–41
in tetralogy of fallot, 39, 56

Congenital muscular dystrophy (CMD), 538, 
539

Connective tissue disease (CTD), 618, 747
Connexins, 488–489
Consent, for genetic tesing

adult lacks capacity, 84
deceased adult, 84
government regulations, 83
Human Tissue Act, 83
living competent adult, 84
predictive genetic testing, 80
qualifying relationships, 84
record, 85
scope of, 85
to share information, 86
withdrawal, 86

Contiguous gene syndrome, 16
Contrast echocardiography, 321
Copy number variation (CNV), 11, 30, 177, 

184
Coronary artery disease (CAD), 667, 669, 671, 

756, 850
annual incidence of, 662
common disease, common variants 

hypothesis, 662
exome, 672
familial aggregation, 663
genetic analysis, strategies for, 664–666
heritability of, 662
Mendelian randomization, 666

chromosome 9p21.3, 669
GWASs, 667
PCSK9, 671

MI associated with Mendelian disorders, 
663–664

risk factors for, 662
whole-genome sequencing studies, 

672–673
CpGs, 733
Cross-reactive immunologic material (CRIM), 

211
Cystathionine β-synthase (CBS), 228
Cystatin C forms amyloidosis (ACys), 570

D
Danon disease, 75, 212, 273, 398

LAMP2 gene, 211, 212
management, 213
WPW pattern, 212

DeBakey classification, 620
Delayed afterdepolarizations (DAD), 493
Deoxyribonucleic acid (DNA), 3

mutation, 581
sequencing, 368
transcription, 4, 6

Depression, 90
Desmoplakin gene (DSP), 785
Desmosomal diseases, 45–46
Desmosomalopathies, 353
Digenic inheritance, 31–32
DiGeorge/Velo-Cardio-Facial syndrome, 177
Digoxin, 286, 566
Dilated cardiodystrophinopathies, 336–338
Dilated cardioemerinopathies, 327, 333–335
Dilated cardiolaminopathies, 327
Dilated cardiomitomyopathies, 354–356
Dilated cardiomyopathy (DCM), 760, 791

ACE inhibitors and angiotensin receptor 
blockers, 286

ACM, 352
clinical history and manifestation, 353
diagnostic definition, 351, 353
dilated cardiomitomyopathies, 354–356
genetic basis, 353
mitochondrial DNA defect related 

cardiomyopathy, 354–356
mutations, 352
steinert disease, 356, 357

anticoagulation, 287
β-blockers, 286
cardiac biomarkers, 284
cardiac catheterization, 284–285
cardiac magnetic resonance imaging, 285
in childhood, 280–281
classification, 277
clinical presentation

physical examination, 282–283
symptoms, 282

with conduction disease, 73
CRT, 288
definition, 320, 321, 853
device therapy, 854
diagnostic work-up, 321–322
digoxin, 286
echocardiography, 283–284
electrocardiography, 283–284
Entresto, 287
epidemiology, 321, 853

Index



907

etiology, 276, 277
exercise testing, 284–285
familial dilated cardiomyopathy, 276–280

clinical family screening, 322
family memebers with genetic DCM, 

322
family members and long-term 

follow-up, monitoring of, 322
genetic heterogeneity characterization, 

322
genetic testing, 323
NGS-based genetic tests, 323
phenotype characterization, 322

genetic DCM (see Genetic dilated 
cardiomyopathy)

histology, 282
Holter analysis, 285
ivabradine, 286
management, 854
natural history, 283
nebulette-DCM

actin-binding motif, 347
actin-binding proteins, 347
with atrial flutter, 350
clinical family screening, 351
heart transplantation, 348
myasthenia gravis, 350
normal coronary arteries, 350
NYHA class progression, 351
practical considerations, 351
prevalence, 347
profound fatigue, 350
rhythm control, 351
segregation studies, 347, 349, 351
variant, 350

non-familial, 277–281
non-genetic, 277–281, 359–361
non-pharmacological treatment, 287–288
pathogenic mutations, 323–326
pathology, 281
PPCM, 356–360
prevalence of, 276
prognosis, 288
treatment of arrhythmia in, 287

Dilated cardiotitinopathies, 346–348
Dilated cardiozaspopathies, 338–342
Dilated myosinopathies, 343, 344
Dilated nexilinopathies, 341, 342
Dilated phospholambanopathies, 342–343
Dilated sarcomeric cardiomyopathy

dilated cardiotitinopathies, 346–348
dilated myosinopathies, 343, 344
dilated troponinopathies, 344–346

Dilated troponinopathies, 344–346

Diltiazem, 270
Direct-acting oral anticoagulants (DOACs), 

129–131
Disability-adjusted life years (DALYs), 120
Disopyramide, 270
Distal spinal muscular atrophy (DSMA), 831
Diverse phenotypes

LMNA mutations, 63
TTN mutations, 64

Double heterozygote, 18
Down’s syndrome (DS), 16, 17, 175, 747
Duchenne and Becker muscular dystrophy, 

397
aldosterone receptor blockade, 531
angiotensin-converting enzyme, 531
arrhythmic disease, 533
beta blockers, 532, 533
cardiac disease, 525
cardiac phenotype, 524
cardiomyopathy, 524
cardiovascular disease, treatment of, 536
corticosteroid therapy in childhood, 533
diuretics, 533
dystrophin mutations, 528–533, 535, 536
ECG, 530
enhanced utrophin expression, 533
exon deletion and duplications, 535
exon-skipping, 533
genotype distribution, 534
genotype/phenotype correlation studies, 

535
medical therapy for cardiomyopathy, 531
mild selection bias, 534
phosphodiesterase 5 inhibitors, 533
residual dystrophin expression, 534
systolic function, 533
treatment guidelines for adults, 533

Duchenne Muscle Dystrophy (DMD), 323
Dysrrhthmogenic cardiomyopathy, 794
Dystrophia Myotonica Protein Kinase 

(DMPK) gene, 356
Dystrophin mutations, 528, 536, 537
Dystrophinopathies, 397, 528–537
Dystrophin-sarcoglycan membrane complex, 

529

E
Early repolarisation syndrome, 456

cardiac events, 459, 460
classification, 461
CPVT patients, 460
diagnosis, 460
drug therapy, 464

Index
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Early repolarisation syndrome (cont.)
ECG interpretation, 457
familial transmission, 463
genetic association, 462, 463
genetic basis, 458
genetic linkage, 464
magnetic resonance imaging, 460
monogenic substrate, 465
pathophysiological mechanisms, 462
prevalence, 458, 459
pro-arrhythmic trait, 463
prophylactic treatment, 465
risk stratification, 464
screening, 465
ST-segment, 461
treatment, 458, 464

Echocardiography, 556
EDS type IV. See Vascular Ehlers Danlos 

Syndrome (vEDS)
Effective refractory periods (ERP), 493
Ehlers-Danlos syndrome, 610
Eisenmenger’s syndrome (ES), 745, 747
Electrocardiography (ECG), 556
Electropathies, 249–250
Electrovoltage mapping, 375
Embryogenesis, stages, 390
Emery-Dreifuss muscle dystrophy (EDMD), 

333, 334
Endocardial mapping, Brugada syndrome, 451
Endomyocardial biopsy (EMB), 285, 323, 560
Endovascular procedures, 621
Entresto, 286–287
Enzyme replacement therapy (ERT), 211, 219, 

220, 225
Epicardial coronary artery disease, 393
Epigenetics, 14, 28, 733
Epigenomics, 14, 15, 28
Eukaryotes, 3
Exercise-related myopathy, 397
Exome, 672
Exome Aggregation Consortium (ExAC) 

database, 871
Exome chip, 728
Exons, 3
Extracellular matrix (ECM), 618
Extracorporeal membrane oxygenation 

(ECMO), 216

F
Fabry disease, 222–224
Facial dysmorphism, 395, 400, 407
Familial abdominal aortic aneurysm, 68
Familial amyloid polyneuropathy  (FAP), 551

Familial amyloidoses, 551–554, 556, 558, 
560–562

AFib, 569
amyloid filament formation, 548
amyloid formation, 547
amyloid induced tissue damage, 548–549
apolipoprotein A-I amyloidosis, 568
apolipoprotein AII amyloidosis, 569
cardiovascular complications, prevention 

and treatment, 566–567
characteristic histological findings, 546, 547
classification, 549
combined heart-liver transplantation, 

567–568
cystatin C forms amyloidosis, 570
disease modifying treatment, 565–566
gelsolin amyloidosis, 569
lysozyme amyloidosis, 569
protein precuror, proteolytic remodelling 

of, 547
TTR

AL and systemic senile cardiac 
amyloidosis, 562

amyloidotic cardiac involvement, 553
cardiac biomarkers, 561
clinical profiles, 552
ECG, 556
echocardiography, 556
EMB, 560
genotype-phenotype correlations, 552
magnetic resonance imaging, 558
nuclear scintigraphy, 560
prevalence and clinical spectrum, 554
Val30Met, 551

Familial cardiomyopathy
ARVC, 45, 46, 64
desmosomal diseases, 45–46
familial abdominal aortic aneurysm, 68
familial thoracic aneurysm/dissection, 

45–47, 66
fDCM

genetic heterogeneity, 44, 60
laminopathy, 44, 63
LGMD, 45
metabolic Disorders, 45
titinopathy, 45, 64

fHCM, 43
Familial dilated cardiomyopathy (fDCM), 43

clinical family screening, 322
family members and long-term follow-up, 

monitoring of, 322
family members with genetic DCM, 322
genetic heterogeneity characterization, 44, 

60, 322
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genetic testing, 323
laminopathy, 44, 63
LGMD, 45
metabolic Disorders, 45
NGS-based genetic tests, 323
phenotype characterization, 322
titinopathy, 45, 64

Familial hypercholesterolemia (FH), 663, 664, 
804

Familial hypertrophic cardiomyopathy 
(fHCM), 43

Familial stroke, genetics of, 696
Familial thoracic aneurysm/dissection, 46, 47, 

66
Family communication

adjustment, 92
family relationships, impact of, 91
multiple bereavements, 92
support, 91

Fatty acid metabolism disorder, 215
clinical presentation, 213
genotype-phenotype correlation, 213–214
management

carnitine supplementation, 215
dietary modifications, 215

Fatty acid oxidation disorders, 198, 213, 230
Fibrillin 1 gene, 650
Fibrinogen amyloidosis (AFib), 569
Filamin C (FLNC) gene, 279
Fluorescent in-situ hybridisation (FISH), 

congenital heart disease
and microdeletion syndromes, 175, 178, 

180, 181
DiGeorge/Velo-Cardio-Facial syndrome, 

22q microdeletion, 177, 179
Williams syndrome, 7q microdeletion, 177, 

179
Foetal haemoglobin (HbF), 703
Fragile-X syndrome (FRAXA), 24
Friedreich’s ataxia, 275
Fukutin related protein mutations, 538

G
Gelsolin amyloidosis (AGel), 569
Gene mutation carriers, 370
Gene-molecule pathway, 31
General Medical Council (GMC), 85
Gene-therapy, 431
Genetic heterogeneity, 38, 51
Genetic code, 3
Genetic counselling

AC, 382
family communication

adjustment, 92
family relationships, impact of, 91
multiple bereavements, 92
support, 91

family history
AFD, 74–75
conduction disease, 73
Danon disease, 75
information gathering, 73
inheritance patterns, 73
red flags, 73
X-linked inheritance, 74

genetic testing (see Genetic testing)
Genetic differences, 10–13
Genetic dilated cardiomyopathy

dilated cardiodystrophinopathies, 336–338
dilated phospholambanopathies, 342–343
dilated sarcomeric cardiomyopathy

dilated cardiotitinopathies, 344–348
dilated myosinopathies, 343, 344
dilated troponinopathies, 343–346

nuclear envelopathies
dilated cardioemerinopathies, 334, 335
dilated cardiolaminopathies, with 

skeletal muscle, 330–334
inner nuclear membrane, 327
malignant p.Arg190Trp mutation, 

327–331
nuclear lamina, 327
outer nuclear membrane, 327
pathologic mutations, 328–333
without myopathy, 327–330

in Z-disk proteins
dilated cardiozaspopathies, 338–342
dilated nexilinopathies, 338–342

Genetic disorder, 2
Genetic imprinting, 28
Genetic Informatics Trial (GIFT), 131
Genetic risk score (GRS), 729, 730
Genetic syndromes, LVNC, 397
Genetic testing, 76, 77, 79, 80, 83–86

in children, 80–83
consent

adult lacks capacity, 84
deceased adult, 84
Government regulations, 83
living competent adult, 84
predictive genetic testing, 80
qualifying relationships, 84
record, 85
requirement, 83–84
scope of, 85
to share information, 86
withdrawal, 86
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Genetic testing (cont.)
deceased children, 85
diagnostic

clinical variability, 76, 77
definite disease-causing pathogenic 

variant, 79
no disease-causing pathogenic variant, 

79
pathogenic variant, 77
variant of unknown significance, 79

implications, 87
and insurance, 87–88
living child, 84–85
reproductive, 86
sample test, 78
sufficient information, 85

Genetic variation, 10–13
Genome-wide association studies (GWAS), 

12, 13, 482, 499, 500, 502, 506, 
725, 727–730, 733

CAD, 667
chromosome 9p21.3, 669
common disease-common variant 

hypothesis, 725
in ischaemic stroke, 696
large-scale meta-analysis, 727
MI, 667
non-European ancestry, individuals, of, 

728
rare genetic variants to BP, 727
SNP, 666
uses, 725
WTCCC study, 727

Genome-wide polygenic score (GPS), 491
Genomic disorder, 2
Genotype-phenotype correlation in AC 

patients, 383, 384
Genotyping, AC, 381, 382
Giant cell arteritis (GCA), 687–688
Glycogen storage disease IIIa (GSD IIIa), 

199–232
Glycogen storage disease type II. See Pompe 

disease
Glycogen storage disease XV (GSDXV), 

208–210
Gonadal mosaicism, 32
Grief, stages of

acceptance, 90
anger, 89
anxiety, 90
bargaining, 90
denial, 89
depression, 90
guilt, 90

H
Haemorrhagic strokes, 696, 702

COL4A1/A2 gene mutation, 714
familial forms of, 704–705
SCD, 702

Haploid chromosome, 16
Hazard ratios (HRs), 127
Heritable connective tissue disorders (HCTD)

aortic aneurysms, 619
arterial/aortic tortuosity, 622–623
homeostasis implication, 621
mechanobiology, 621, 622
mitral valve prolapse, 623

aortic dilatation, 619
aortic dissections, 619, 620

arterial/aortic tortuosity, 622–623
homeostasis implication, 621
mechanobiology, 621, 622

extracellular matrix, 618
NS H-TAD, 633–634
syndromic, 624–630

arterial tortuosity syndrome, 633
congenital contractural arachnodactyly, 

633
features, 635
Loeys-Dietz syndrome, 630–631
MFS (see Marfan syndrome (MFS))
multisystemic smooth muscle cell 

dysfunction syndrome, 632–633
Shprintzen Goldberg syndrome, 633
vEDS, 630–632

VSMC, 618
Heterogeneity, 36

familial ventricular septal defect, 56
non-syndromic primum-type atrial septal 

defect/atrioventricular septal defect, 
55

non-syndromic secundum-type atrial septal 
defect, 54

tetralogy of fallot, 56
High throughput sequencing (HTS) 

technology, 782
Holter analysis, 285
Holt-Oram syndrome, 490
Homocystinuria, 227–229
Human genome, 3–8
Human Genome Mutation Database (HGMD), 

873
Human Genome Project, 98
Human Tissue Act, 83
Huntington’s disease (HD), 791, 799, 802–804
Hypertrophic cardiomyopathy (HCM), 38, 51, 

368, 563, 583, 763, 803, 870,  
874, 875
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cardiac magnetic resonance imaging, 269
cardiac pathology in, 260–262
cardiopulmonary exercise testing, 268–269
cellular mechanisms and pathways, 

262–265
childhood onset-HCM, 265
classification, 266
clinical management, 269–271
clinical presentation, 854

clinical examination, 265–267
symptoms, 265–266

definition, 260, 854
device therapy, 854–855
echocardiography, 268–269
electrocardiography, 268
etiology, 260, 266
familial, 790, 799
management, 854
natural history, 267
phenotypic variability, 263–265
prevalence of, 260
sarcomere protein disease, 261–263
SCD, 855–857
sudden cardiac death, 270–272

Hypertrophy, 558
Hypothesis-generating approach, 665

I
Idiopathic pulmonary arterial hypertension, 

744, 746
Idiopathic restrictive cardiomyopathy, 

290–291
Idiopathic ventricular arrhythmias, 369
Idiopathic ventricular fibrillation, 457
Illumina sequencers, 104
Immune-mediated inflammatory diseases 

(IMID). See Chronic immune- 
mediated inflammatory diseases 
(IMID)

Implantable cardioverter defibrillator (ICD), 
272, 369, 376, 527, 760, 840, 842, 
851, 875

adult cardiomyopathy, 527
ICD10, 37, 38, 50

Imprinting control center (ICC), 14
In silico tools, 871
Inherited aortopathies, 818
Inherited arrhythmias, 818

antiarrhythmic drugs, 414
cardiac action potential, 414
clinical relevance, 414
definition, 414
features, 414

genetic studies, 431
implantable cardioverter defibrillators, 414
lifestyle changes, 414
prophylactic measures, 414
sudden cardiac deaths, 414, 420, 421, 426

Inherited cardiac arrhythmia syndromes, 460
Inherited cardiac conditions (ICC), 88–90

cardiac device
complications, 843–844
ICDs, 840
implantation, 841–843
post procedure management, 843
PPM, 840, 844

CRT, 847
DCM, 854
HCM, 854–857
ICDs, 851–853
inherited primary arrhythmia conditions, 

857–863
psychological implications

acceptance, 90
anger, 89
anxiety, 90
bargaining, 90
denial, 89
depression, 90
guilt, 90
information, 88
uncertainty, 88–89

rare, 857–859
SCD

aetiology, 850
definition, 850
epidemiology, 850
pharmacological therapy, 851

Inherited cardiac muscle disorders, 260, 289
HCM (see Hypertrophic cardiomyopathy 

(HCM))
RCM (see Restrictive cardiomyopathy 

(RCM))
Inherited cardiovascular conditions (ICC), 36, 

98, 870–875
Brugada syndrome, 794
cardiomyopathies, 818
clinical cardiac genetics, 782, 783, 795, 

796
clinical management of individuals, 

819–820
CMs, 791–794
combined classification system, 47–49
epidemiology, 819
families of affected individuals, 820
family communication, 799–801
family history and dimension, 785–788
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Inherited cardiovascular conditions (ICC) (cont.)
family scepticism, 804
FH, 804–807
genetics of, 819
inherited aortopathies and arrhythmias, 818
long QT disorders, 794–795
molecular genetic diagnostics, 788–790
multidisciplinary management, 820, 821, 

823–828
BSCL2gene, 832
cardiac genetic nurse, 828
cardiac pathologists and physiologists, 822
channelopathy, 833
clinical scientists, 823
consulant cardiologist, 821
consultant clinical geneticists, 821–822
family pedigree, 832
genetic counselor, 822
genetic test, 828
KCNQ1 gene she, 831
Lamin A/C gene, 833, 834, 836, 837
laminopathy, 833, 836, 837
malignant ventricular arrhythmias, 837
molecular autopsy, 829
pathogenicity, analysis of, 830, 831
SADS, 830
sequence variant pathogenicity, 830
specialist cardiac genetic nurse, 822
support groups and voluntary 

organizations, 823
multidisciplinary teams, 818
muscular dystrophies, 818–819
NGS (see Next generation sequencing 

(NGS))
online tools, for clinicians

datasharing, 875
diagnostic aids, 874
genetic testing, 874
risk calculators, 874–875

patient experiences, 790–791
professional optimism, 804
risks and certainties, 801–804
testing children, 796–799
varients, interpretation of

disease and gene specific database, 
873–874

in silico tools, 871
population databases, 871–873
variants, pathogenicity of, 870–871

VUS, 783
Inherited cardiovascular metabolic disorders, 

225
acute decompensation, 215–216

alkaptonuria, 227
cardiac variant Fabry disease, 222–225
CDG, 225
Danon disease, 211–213
Fabry disease, 222
fatty acid metabolism disorder, 213–215
genetic counselling, 230–231
homocystinuria, 228
mitochondrial diseases (see Mitochondrial 

cardiovascular diseases)
mucolipidoses, 221
Pompe disease, 208–211
prenatal testing and preimplantation 

genetic diagnosis, 230–232
PRKAG2 syndrome, 198–208
sitosterolemia, 229

Inherited conduction disease. See Cardiac 
conduction disease (CCD)

Inherited connective tissue disorders, 788
Inherited dysrhythmias, 788
Inherited primary arrhythmia  

conditions, 857
Inherited pulmonary arterial hypertension.  

See Pulmonary arterial hypertension 
(PAH)

Integrin mutations, 538
International Warfarin Pharmacogenetics 

Consortium (IWPC) algorithm, 130
Intracerebral haemorrhage (ICH), 696
Intrauterine growth retardation, 378
Intravenous Epoprostenol, 744
Introns, 4
Ion channelopathy

of Brugada syndrome, 42, 59
CPVT, 43, 60
of long QT syndrome, 57

Ion Torrent technology, 104
Ischaemic stroke, 696, 702

pathologies, 696
SCD, 702

Isolated noncompaction of the ventricular 
myocardium (iNVM), 391

Ivabradine, 286

J
Joint Committee on Genomics in Medicine 

(JCGM), 83, 85
Juvenile sudden death, 368

K
Kearns-Sayre syndrome (KSS), 250, 251
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L
Laminopathy, 44, 63
Leading-to-leading edge technique, 619
Leber’s hereditary optic neuropathy (LHON), 

252, 397
Left ventricular assist devices (LVAD), 536
Left ventricular hypertrophy (LVH), 249, 250, 

762
Left ventricular noncompaction (LVNC)

abnormal compaction process, 391
acquired and reversible, 400
associated syndromes, 394
cardiac feature, 394
cardiovascular imaging, 390
clinical characteristics, 398, 399
contrast echocardiography, 403
diagnosis, 398, 400, 402
differential diagnosis, 404, 405
echocardiography, 390

criteria, 401
prevalence, 398
studies, 401

electrocardiography, 399, 400
electrophysiological studies, 403
endomyocardial morphogenesis, 391
familial noncompaction, 394
genes associated, 396
genetic aetiology, 393
genetic syndromes, 397, 398
genotypic and phenotypic heterogeneity, 

390
heterozygous missense mutations of the 

TPM1 gene, 395
heterozygous mutations, DTNA, 395
intertrabecular recesses, 390, 393
loci and chromosomal regions, 395
management, 406, 407
metabolic diseases, 397, 398
mitochondrial disorder, 397
molecular signaling pathways, 393
MRI, 403, 404
MYBP3 gene, 395
myocardial development, 390
MYPBC3 gene, 395
NKX2-5, 396
noncompaction, 391, 392
Oechslin’s definition, 403
pathology, 393
pathophysiology, 393
positron emission tomography, 393
prevalence, 398
prognosis, 405
prolonged QT dispersion, 403
rhythm disturbances, 399

screening, 406
signal averaged electrocardiography, 403
Stollberger’s definition, 403
structural cardiac abnormality, 390
structural heart diseases, 392
sudden cardiac death, 399
thromboembolic events, 399
TPM1 gene, 395
trabecular meshwork, 393
transesophageal echocardiography, 403
transthoracic echocardiography, 402
two-dimensional echocardiography, 401
ventricular trabeculae, 390

Left ventricular outflow tract obstruction 
(LVOTO), 249, 265, 268,  
270, 271

LEOPARD syndrome, 275–276
Lev-Lenègres disease, 452
Limb-girdle muscular dystrophy (LGMD), 45, 

397, 537, 538
Loeys-Dietz syndrome (LDS), 590, 606, 607, 

629–631, 652
Long QT syndrome (LQTS), 42, 57,  

154, 794
acquired cardiovascular pathologies, 421
baseline electrocardiogram, 415
beta-blockers, 422
calmodulin, 418
clinical forms, 417, 418
clinical manifestations, 420
definition, 415
diagnosis, 419
electro-morphological alterations, 420
epidemiology, 416
familial and genetic study, 416
forms, 418, 419
genetic information, 421
genetic testing and varients, 416
ICD therapy, 422
lifestyle modifications, 422
malignancy, 421
management, 422
pathogenic mutation, 422
patient management, 421
prevalence, 416
prolonged ventricular repolarization, 420
risk stratification, 420
SCD, 420
subtypes, 418

Low-density lipoprotein cholesterol (LDL-C), 
132, 141

Lumpers, 36
Lysosomal storage disorders, 190, 193, 210, 

219, 222
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Lysosome-associated membrane protein-2 
(LAMP-2), 211, 212, 273

Lysozyme amyloidosis (ALys), 569

M
Macitentan, 745
Malformation syndromes, LV hypertrophy

LEOPARD syndrome, 276
Noonan syndrome, 275

Malignant ventricular arrhythmias, 835, 837
Manhattan chart, 12, 13
Marfan syndrome (MFS), 47, 592–594, 

601–606, 649–651
aortic aneurysms and dissections, 625–626
arachnodactyly, 591, 593
arrhythmias, 627–628
Berlin criteria, 591
cardiomyopathy, 627
cardiovascular outcome, 628–629
clinical management

cardiovascular complications, 601–604
central nervous system, 606
musculo-skeletal system, 605
ocular system, 605
respiratory system, 605–606

diagnosis of, 590, 592–594, 624, 625
FBN1 gene, 590, 591
Ghent criteria in clinic, 594–600
history, 590–591
Loeys-Dietz syndrome, 607–610
management, 629–630
Mitral valve prolapse, 626
molecular pathology of, 600
in pregnancy, 606–607
pulmonary artery dilatation, 626
and sports, 607
TGFΒR2 mutations, 591
tricuspid valve prolapse, 627

Massively parallel sequencing. See Next 
generation sequencing

Maternal inheritance, 354
Mechanobiology, 621, 622
Meiosis, 4
Melnick Needles syndrome, 398
Mendelian cardiac disorders, 787
Mendelian familial cancer disorders, 799
Mendelian inheritance, 354

autosomal dominant, 20–22
autosomal recessive, 18–20
X-linked dominant, 24
X-linked recessive, 21–24

Mendelian randomization, 666
CAD/MI, GWASs of, 667–669

chromosome 9p21.3, 669–671
PCSK9, 671–672

Mendelian rules, 354
Mental Capacity Act, 84
Metabolic cardiomyopathies

AFD, 272
Danon disease, 272–273
Friedreich’s ataxia, 274–275
mitochondrial cardiomyopathies, 273–274
Pompe disease, 273
Wolff-Parkinson-White syndrome, 273–274

Metabolic diseases, LVNC, 397
Microcirculatory dysfunction, 393
Microdeletion, 14
Microphthalmia, 398
Microvascular dysfunction, 583
Missense mutations, 5, 328
Missing heritability, 730
Mitochondrial cardiomyopathies, 274
Mitochondrial cardiovascular diseases

cardiac features
bradyarrhythmias, 249
dilated cardiomyopathy, 249
hypertrophic cardiomyopathy, 248–249
left ventricular non-compaction, 249
tachyarrhythmias, 249–250

cardiac investigations
advanced imaging techniques, 253
cardiac biopsy, 253–255
cardiac surveillance, 254, 255
initial screening, 253

cardiac manifestations, mitochondrial 
syndromes

Barth syndrome, 252
KSS, 250
LHON, 252
m.8344A>G, 250–251
m.8993T>G/C, 251–252
Sengers syndrome, 253

clinical evaluation, 245
clinical syndromes of, 243–245
general clinical investigations, 243–246
molecular genetic investigations, 246–247
specific investigations, 243–246

clinical management, 246–247
mitochondrial biology and genetic basis, 

240–243
mitochondrial respiratory chain, 241
treatment

arrhythmias and conduction defects, 
255–256

cardiomyopathies, 255
transplantation, 255–256

Mitochondrial diseases, 397
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Mitochondrial DNA (mtDNA), 240–243, 247, 
248, 397

Mitochondrial encephalopmyopathy with 
lactic acidosis and stroke-like 
episodes (MELAS), 250

Mitochondrial genome, 3, 8–10, 25
Mitosis, 4
Mitral valve prolapse (MVP), 583, 623, 626, 

634
Molecular autopsies, 789
Molecular genetic testing, 356
Monomorphic ventricular tachycardias, 582
Morbid genome

coding genome, 13
epigenome, 14–15
genetic variation/differences, 10–13
non-coding genome, 14

Mosaicism, 32
Moya-moya syndrome, 702
Mucolipidoses, 216–222
Mucopolysaccharidosis type I (MPS I), 

219–221
Multi-factorial inheritance, 25–28
Multigenic inheritance, 31
Multisystemic smooth muscle cell dysfunction 

syndrome, 632–633
Muscular dystrophy, 818

assisted cough techniques, 524
neuromuscular disease, 524
physical and respiratory therapy, 524
ventilatory support, 524
voice recognition, 524

Myoadenylate deaminase deficiency, 397
Myocardial atrophy, 371
Myocardial cell degeneration, 371
Myocardial deformation imaging techniques, 

322
Myocardial infarction (MI)

annual incidence of, 662
chromosome 9p21.3, 669
GWASs, 667
Mendelian disorders, associated with, 663

Myocardial infiltration, 553
Myocardial myotonia, 583
Myocardial tagging, 322
Myocarditis, 762
Myocyte necrosis, 371
Myopia, 605
Myosin-binding protein C (MYBPC3), 262
Myotonic dystrophy (DM), 398, 580, 581, 

584, 846
arrhythmias, 581
AV block, 584
beta blockers and amiodarone, 584

biventricular failure, 584
cardiac abnormalities, 581
clinical features, 580, 581, 584
conduction abnormalities, 581
DM1

abnormal late potentials, 584
early mortality, 581
endocrine abnormalities, 581
genetics, 580
respiratory failure, 581
skeletal muscle involvement, 580
unstable trinucleotide repeat sequence, 

580
DM2

genetics, 580
proximal muscles, 581

ECG conduction abnormalities, 584
His-Purkinje system, 584
management, 584, 585
MRI features, 584
skeletal and smooth muscle, 580
trinucleotide repeat, 580
types, 580

N
Nailpatella syndrome, 397, 398
Natriuretic peptide precursor A (NPPA), 498
Naxos cardiocutaneous syndrome, 379
Nebulette-dilated cardiomyopathy

actin-binding motif, 347
actin-binding proteins, 347
with atrial flutter, 350
clinical family screening, 351
heart transplantation, 348
myasthenia gravis, 350
normal coronary arteries, 350
NYHA class progression, 351
practical considerations, 351
prevalence, 347
profound fatigue, 350
rhythm control, 351
segregation studies, 347, 349, 351
variant, 350

Neonatal bradycardia, 378
Neuro-developmental disorder, 14
Neurogenic orthostatic hypotension, 567
Neuromuscular disorders, 14, 397, 407
Neutral mutations, 5
Next generation sequencing (NGS), 30, 323, 

368, 452, 724, 725, 737, 758, 788, 
819, 870

bioinformatics analysis
alignment, 105
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base calling, 105
copy number variation analysis, 105
demultiplexing, 105
variants annotation, 105
variants identification, 105

and clinical pre-test probability, 113–116
diagnosis to prognosis, 115–117
epidemiological information, 107–108
and experiment design, 113–115
genetic heterogeneity, 98
identified variants, pathogenicity of, 

106–107
impact of, 99
mild/incomplete clinical expression, 99
molecular biology, 108

bioinformatics studies, 110–111
frame-shift mutations, 109
functional consequences of mutations, 

110
functional studies and animal models, 

111
intronic mutations, 109
isoforms, 110–111
missense mutations, 109
nonsense mutations, 109
silent mutations, 109

monogenic diseases, 98
overlapping/intermediate phenotypes, 99
pre-test and post-test probabilities, 

112–113
results and validation, quality of, 106
sample preparations

direct amplification technologies, 
102–103

DNA, RNA extraction, 100–102
enrichment technologies, 102–103

sequencing process and equipment, 
103–104

sudden death risk, 99
Non Dilated Hypokinetic Cardiomyopathy 

(NDHC), 320
Non sustained ventricular tachycardia 

(NSVT), 328
Non-allelic homologous recombination 

(NAHR), 29–31
Non-coding genome, 14
Noncompaction of ventricular myocardium 

(NVM), 391, 392
Nonsense mutation, 5
Nonsyndromic heritable thoracic aortic 

disorders (NS H-TAD)
advanced NGS techniques, 633
aortic dilatation, 634
aortic dissection, 634

ascending aorta, 634
ascending aortic dissection, 634
bicuspid aortic valves, 634
cardiovascular features, 634, 635
diagnosis, 633
mitral valve prolapse, 634
patent ductus arteriosus, 634
sinuses of Valsalva, 634
thoracic aortic dissections, 634

Non-synonymous variant, 12
Nontraditional inheritance

epigenetics, 28
epigenomics, 28
genetic imprinting, 28
nonallelic homologous recombination, 

29–31
parent of origin, 28
trinucleotiderepeats, 28–29
uniparental disomy, 28

Non-wheezing asthma, 744
Noonan syndrome, 275, 398
Nuclear envelopathies

dilated cardioemerinopathies, 334, 335
dilated cardiolaminopathies, with skeletal 

muscle, 333, 334
inner nuclear membrane, 327
malignant p.Arg190Trp mutation, 328–331
nuclear lamina, 327
outer nuclear membrane, 327
pathologic mutations, 330–333
without myopathy, 327–330

Nuclear genome, 3
Nuclear scintigraphy, 560

O
Obscurin, 323
Ocular system, 605
Odds ratio (OR), 137
Oestrogen, 443
Oligogenic inheritance, 31
Online Inheritance in Man (OMIM)

genetic heterogeneity, 38, 51
phenotypic heterogeneity, 38, 53

Organic anion-transporting polypeptide 1B1 
(OATP1B1), 138

Orthotropic liver transplantation (OLT), 565

P
Paediatric strokes, 701
Palmoplantar keratosis, 368, 379
Parent of origin’ effect, 14
Pectus excavatum, 605

Index



917

Peripartum cardiomyopathy (PPCM)
with acute pulmonary oedema, 359
with atrial fibrillation, 358
definition, 358
diagnosis, 358, 359
etiologic hypotheses, 358
genetic hypothesis, 358
pre-existing known heart disease, 358
risk factors, 358
temporal appearance, 358

Permanent pacemakers (PPM), 840, 844–847
P-glycoprotein (P-gp), 129
Pharmacogenomics, 122

in cardiovascular medicine and surgery 
(see Cardiovascular 
pharmacogenomics)

implementation of, 121
investigations, evolution of, 121

Phenotypic heterogeneity, 38, 53
Polygenic inheritance, 25–28
Polyglucosan body storage disorders, 198, 

201, 203, 204
Polymerase chain reactions (PCRs), 103
Pompe disease, 210, 273
Prader-Willi syndrome, 14
Prasugrel, 147
Predictive genetic testing, 80
Pregnancy, arrhythmic risk stratification, 378
Pre-implantation genetic diagnosis (PGD), 86, 

87, 827
Premature cardiac conduction disease 

(PCCD), 764
Prenatal testing, 86, 356
Primary amyloidosis, 549
Primary cardiomyopathy, 390
Primary hypertension, 724
PRKAG2 syndrome, 206
Progressive cardiac conduction disease 

(PCCD), 484–488
patient management, 491–492
sodium channel mutations

SCN1B, 487–488
SCN5A, 484–488
SCN10A, 488

Progressive familial heart block (PFHB), 489
Progressive neuromuscular respiratory failure, 

582
Prokaryotes, 3
Prophylactic anticoagulant therapy, LVNC, 

406
Propionic acidemia (PA), 216–219
Propionyl-CoA carboxylase (PCC), 217
Protein synthesis, process of, 4
Psoriasis arthritis (PsA), 685–686

Psychological implications
acceptance, 90
anger, 89
anxiety, 90
bargaining, 90
denial, 89
depression, 90
guilt, 90
information, 88
uncertainty, 88–89

Pulmonary arterial hypertension (PAH)
causes, 743
definition, 742
molecular changes

ACVR1, 746
BMPR2 gene, 746, 748
Cantú syndrome, 747
CAV 1, 746
CHA, 747, 748
CHD, 747
contributing factors, 746
CTD, 747
DS, 747
G6PD deficiency, 748
penetration, contributing factors to, 746
sickle cell disease, 748
thalassaemias, 748
VIP, 746

on-wheezing asthma, 744
patient echocardiogram, 743
treatment, 749–750
Trisomy 21, 745

Pulmonary hypertension (PH), 742
Pyridoxine, 229

R
Renal variant, 74
Renin-angiotensin-aldosterone system 

(RAAS), 156
Reproductive genetic testing, 86–87
Restrictive cardiomyopathy (RCM), 290–292, 

294, 792
cardiac catheterization, 293–294
cardiopulmonary exercise testing, 293
classification, 289
clinical features

physical examination, 292
symptoms, 292

echocardiography, 292–293
electrocardiography, 292–293
etiology, 289

endomyocardial fibrosis, 290–291
eosinophilic cardiomyopathy, 290–291
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Restrictive cardiomyopathy (RCM) (cont.)
idiopathic, 290

management
symptomatic therapy, 294
transplantation, 294

pathology, 291
Rett syndrome, 14
Rheumatoid arthritis (RA), 681
Right bundle branch block (RBBB), 356
RNA interference (RNAi), 13, 565
Robertsonian translocation, 16
Roifman syndrome, 398
Runt-related transcription factor 3 (RUNX3), 503

S
Sacubitril, 287
Sanger methods, 98
Sarcoglycan mutations, 538
Sarcoidosis, 687
Satellite, 29
Seattle Heart Failure Model, 525
Seldinger technique, 842
Sengers syndrome, 252–253
Sex chromosomes, 3
Short QT syndrome (SQTS), 423

cardiac repolarization, 423
clinical case, 424–425
clinical manifestations, 426
diagnosis, 426
ECG, 425
epidemiology, 425
genetic variants, 425–426
genotype-phenotype correlations, 425
pharmacological options, 427
risk stratification, 426

Short tandem repeats (STRs), 29
Shprintzen-Goldberg syndrome (SKI1), 633, 652
Sick sinus syndrome, 452
Sickle cell disease (SCD), 748

acute management of stroke, 706
clinically silent infarcts, 702–703
genetic risk factors for, 703
haemorrhagic strokes, 702
HbS, 701
ischaemic strokes, 702
paediatric strokes, 701
pathophysiology of, 764, 765
risk factors for, 703
vaso-occlusion, 701

Simple sequence repeats (SSRs), 29
Single nucleotide polymorphism (SNP), 11, 

12, 30, 124, 184, 482, 488, 492, 
499, 507–509, 662, 728–730, 733

Sinus bradycardia, 397
Sinus-node dysfunction, 582
Sitosterolemia, 229–230
Sjögren’s syndrome (SS), 686
Skeletal muscle myotonia, 583
Small vessel disease (SVD), 706–708, 710

CADASIL
clinical features of, 707
dementia, family history of, 710
diagnosis, 707–708
estimation, 706
gene-gene and gene-environment 

interaction, 707
management of, 708
migraines and bipolar disease, 710
phenotypic variation, 707

CARASIL, 711
cerebral microbleeds, 700
COL4A1/2 gene mutation, 714–716
HTRA1 mutations, 710

Somatic mosaicism, 32
Splitters, 36
Spondyloarthropathies (SpA), 685
Spontaneous pneumothorax, 606
Sporadic stroke, 696
Stanford classification, 620
Statin-associated myotoxicity (SAM), 132, 

133, 138–140, 142
Statins, 131–139

candidate genes, 139–141
clinical utility, 142
efficacy, 141
HLA-DRB1*11:01, 139
LDL-C, statin therapy, 141
mevalonate pathway, 133
SLCO1B1, 137, 138
statin-associated myotoxicity, 134–137

Steinert disease, 354–357
Stroke

CAA, 716
definition, 696
familial, genetics of, 696–700
haemorrhagic strokes, 696
ischaemic stroke, 696
monogenic forms, diagnosis of, 700–701
SCD

acute management of stroke, 706
clinically silent infarcts, 702
genetic factors for, 703–706
haemorrhagic strokes, 702
HbS, 701
ischaemic strokes, 702
paediatric strokes, 701
risk factors for, 703
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vaso-occlusion, 701
sporadic, 696

Structural cardiac defects, 198
Structural cardiomyopathy, 582
Subendocardial fibrosis, 393
Subendocardial hypoperfusion, 393
Succinate dehydrogenase deficiency, 397
Sudden arrhythmic death syndrome (SADS), 

463, 756, 762, 765–767, 829, 830
Sudden cardiac death (SCD)

aetiology, 850
annual incidence of, 756
cardiac pathology, 761–764
circumstances of death, 764
in DCM, 287
definition, 756, 850
epidemiology, 756, 850
HCM, 271, 855
mean age of, 794
pharmacological therapy, 851
subarachnoid haemorrhage, 758

Sudden infant death syndrome (SIDS), 452, 
756, 794

Sudden unexpected death in infancy (SUDI), 
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