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Preface

Dear colleagues,

Four years after the release of the second edition of Clinical Cardiogenetics we are proud to
present this updated third edition. The majority of the chapters have been extensively revised
and updated in accordance with recent developments, insights, and guidelines. In addition,
separate chapters on metabolic cardiomyopathies, cardiac amyloidosis, preimplantation
genetic diagnostics, and a chapter on induced pluripotent stem cells have been added. These
chapters emphasize the expanding horizon of clinical cardiogenetics.

In addition, we have also attempted to create a more uniform chapter layout throughout this
edition of Clinical Cardiogenetics. With contributions of worldwide leading experts in their
fields, we believe this textbook will provide an up-to-date and useful reference for those inter-
ested in the field of cardiogenetics. We expect this third edition will provide the reader guid-
ance to cope with challenges in their day-to-day work.

The Hague, The Netherlands Hubert F. Baars
Utrecht, The Netherlands Pieter A. F. M. Doevendans
Amsterdam, The Netherlands Arjan C. Houweling

Utrecht, The Netherlands J. Peter van Tintelen
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Introduction to Molecular Genetics

Jan D. H. Jongbloed, Ronald H. Lekanne Deprez,

and Matteo Vatta

Introduction

In recent years, comprehensive developments in genetics
vastly improved our knowledge of inherited human diseases,
including genetic cardiac disorders. While previously only
one to several candidate genes could be studied to search for
putative disease-causing mutations, currently whole-exome
sequencing (WES) and whole-genome sequencing (WGS)
enable the analysis of all variants within a personal genome,
including those predisposing to disease. Important in this
respect is the fact that the sequencing of a full genome can
now be performed in reasonable time and at a relatively low
cost, as the $1000 genome is nowadays within reach.
Moreover, this and other genotyping techniques provide the
possibility to identify variants, modifiers, which have an
effect on disease development by either leading to more
severe symptoms or protecting carriers of pathogenic muta-
tions from getting seriously ill. Interestingly, these develop-
ments also confronted the clinical genetics community with
the challenges of handling “big data” and building bioinfor-
matics tools and methods to extract the truly relevant ones
from the wealth of variants identified using these techniques.
The identification of disease-associated genes in unsolved
families no longer requires linkage (-like) techniques.
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Moreover, with the rapidly growing numbers of reported
disease-associated genes and gene variants, we are chal-
lenged to distinguish the definitely disease-causing ones
from (relatively) innocent variants. The latter demands intel-
ligent genomic in silico solutions, as well as “old-fashioned”
wet but preferably high-throughput laboratory experimental
setups to functionally study the effect of identified variants.
Gene and variant curation remains one of the important goals
for the near future. Logically, in the field of inherited cardiac
disorders, to perform this properly, close collaboration
between cardiologists (and other clinical specialists
involved), clinical geneticists/genetic counselors, and labo-
ratory specialists is essential. In the following paragraphs,
the abovementioned topics and challenges will be addressed.

DNA, RNA, and Proteins

All information necessary to “build” a human is secured
within genomic and mitochondrial DNA (deoxyribonucleic
acid) and the variation on that theme therefore too. The sim-
ple concept, however, of parts of the DNA (the genes) being
transcribed into RNA molecules that provide the prescrip-
tions to produce proteins that then form the building blocks
of this complex organism is no longer valid. In reality, the
situation is much more complex. Both other genetic factors,
like regulatory RNAs (ribonucleic acids) and imprinting pro-
cesses, and nongenetic factors like metabolites and other
environmental influences have important effects on the final
outcome of the information captured in genes. In this para-
graph, the basic principles of the molecular factors involved
will be described and their interplay discussed.

DNA molecules are composed of four nucleotides, which
all consist of a deoxyribose and a phosphate group, together
forming the sugar-phosphate backbone of the molecule, and
vary in the base side chains adenine (A), guanine (G), cyto-
sine (C), or thymine (T) (see Fig. 1.1). These nucleotides are
connected via phosphodiester linkages, and the resulting
nucleic acid strands entwine each other in an antiparallel

H. F. Baars et al. (eds.), Clinical Cardiogenetics, https://doi.org/10.1007/978-3-030-45457-9_1
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Fig. 1.1 Structure of DNA. A base (C, T, A, or G) combined with a
deoxyribose and a phosphate group is called a nucleotide. These nucle-
otides are polymerized through phosphodiester linkage. DNA is read
from the 5" to the 3" end. (a) The four bases that make up the actual
DNA code. Alanine always pairs with thymine with two hydrogen
bonds, and cytosine always pairs with guanine using three hydrogen
bonds. (b) Chemical structure of DNA, showing the sugar backbone
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and the polymerization through phosphodiester linkage; as DNA is read
in 5’3’ direction, the code of this stretch of DNA would read GATC.
(c) DNA double-helix structure; the base pairs in the middle are aligned
around the helical axis. The major and minor grooves are the result of
imperfect winding of the helix. Adapted from Clinical Cardiogenetics
edition 2011
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Fig. 1.1 (continued)

- Adenine
q} Thymine
* Guanine

Cytosine

Sugar-phosphate

backbone

5

fashion, leading to the very stable double-helix structure first
described by Watson and Crick in 1953. The antiparallel
pairing, meaning that these strands run in opposite directions
(5=3" vs. 3’-5"), of the nucleotide strands is mediated via
hydrogen bonds between adenine and thymine or guanine
and cytosine bases. As AT pairs are formed by two hydrogen
bonds and CG pairs by three, the latter bonds are stronger.
When the total DNA of a human cell would be placed in a
row, it would form a thin stretch that measures between 2 and
3 m. This long DNA fiber has to fit in the nucleus of the cell,
which in humans has an average diameter of 6 pm and there-
fore has to be very condensed. This condensation is realized
within chromosomes in which the antiparallel DNA mole-
cules are tightly packed with the help of histone molecules.
Each human cell contains two pairs (diploid) of 23 different
chromosomes (homologues) that vary in size, chromosome 1
being the largest and chromosomes 21 and 22 being the
smallest. Of these, 22 chromosome pairs, the autosomes, are
present in both male and female cells, while the sex chromo-
somal (the 23rd chromosome) content differs: male cells
carry one X and one Y chromosome (XY), while female cells
contain an X chromosome pair (XX). In general, the full
genetic content is maintained in every cell, and to accom-
plish this, the DNA has to be duplicated before every cell
division. A complex of proteins is involved in unpacking
chromosomes, unwinding the helical DNA structure to make
the antiparallel strands accessible for this process and subse-
quent replication of the DNA molecules, resulting in two
copies of the original strand. During this replication process,
mistakes occur, and in spite of the presence of DNA repair
mechanisms correcting such mistakes, on average 1 in 10°
mismatches remain, potentially resulting in mutations.
During cell division within the human organism, these muta-
tions (somatic mutations) generally only affect the specific
tissue in which they arise, however, sometimes causing seri-
ous nonhereditary diseases, for example, cancer. When
occurring during sexual reproduction, such mutation (germ-
line mutations) may be transmitted to the next generation
and form the origin of a hereditary disease in the offspring.
Moreover, while chromosomes stay diploid (two copies per
cell) during somatic cell division, they become haploid (one
copy per cell) during gametogenesis (the production of
sperm or egg cells), and in the course of that process, recom-
bination occurs. This is the exchange of genetic material
between homologous chromosomes. This process is an
important driving force for evolutionary diversity however
may also result in mutations at the chromosomal level. For
more information on the variety of mutations underlying
human diseases, see the section “Genetic Mutations.”

It is important to note that only ~2% of the human genome
encodes proteins and this part of the genetic information is
contained within the coding exons of genes. The genome con-
sists of up to 30,000 different genes. These genes generally
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Fig. 1.2 Organization of a human gene and its processing via pre-mRNA and mRNA into protein. For explanation of the different features and

aspects shown, see the main text

consist of “upstream” 5" promoter sequences, regulatory and/
or stabilizing 5" UTR (untranslated region)-containing exons,
alternating coding exons and noncoding introns, regulatory/
stabilizing 3'UTR exons, and “downstream” 3’ sequences
(Fig. 1.2). Notably, the 5UTR and 3'UTR sequences lie
within the first and last exon or exons, respectively, and also
exons containing only UTR sequences without protein-
encoding parts can be present. The promoter region contains
sequences that are recognized by the transcription machinery
and transcription-modulating factors that, in collaboration
with RNA polymerase, are responsible for the transcription of
genes. During transcription, which starts at the transcription
start site lying within the first nucleotides of the 5" UTR, the
full sequence between the transcription start site and the poly-
adenylation signal at the end of the 3" UTR is being tran-
scribed into pre-mRNA (see also Fig. 1.2). For this purpose,
the part of the DNA molecule on which a particular gene is
located is unwinded, making it accessible for the previously
mentioned transcription machinery. The resulting pre-mRNA
molecule is the antiparallel copy of a gene (so the comple-

mentary sequence), a situation comparable to DNA being
duplicated during replication. Therefore, pre-mRNA mole-
cules are composed comparable to DNA molecules, except
for the base thymine being replaced for uracil and ribose
being used for the sugar backbone instead of deoxyribose.
The pre-mRNA molecule still contains intronic sequences,
and these are spliced out and the mRNA is further processed
by another complex machinery, the mRNA-processing com-
plex, within the nucleus (see also Fig. 1.2). The resulting
mature mRNA, now only consisting of regulatory 5 and 3’
UTR sequences and exonic sequences encoding the amino
acid sequence of the respective protein, is then transported to
the cytosol. In the cytosol, ribosomes, complexes of proteins
and ribosomal RNAs (rRNAs), are responsible for translating
the amino acid-encoding part of the mRNA molecule into
protein. Proteins contain 20 different amino acids, and each
of these is encoded by nucleotide triplets (codons). In total,
64 different codons encode these 20 amino acids, meaning
that most amino acids are encoded by more than one triplet
(see Table 1.1). The exceptions are phenylalanine (F), trypto-
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Table 1.1 The genetic code

T C A G
T TTT Phc(F) CTT Leu(L) ATT Iled) GTT
TTC Leu(L) CTC LeuL) ATC Ile(I) GTC
TTA Ser(S) CTA Leu(L) ATA Ile(I) GTA
TTG Leu(L) CTG Leu(L) ATG Met(M) GTG
C TCT Ser(S) CCT Phe(F) ACT Thr(T) GCT
TCG Ser(S) CCG Phe(F) ATT Thr(T) GCC
TCA Ser(S) CCA Phe (F) ATA Thr(T) GCA
TCG Ser(S) CCG Phe (F) ACG Thr(T) GCG
A TAT Tyr(Y) CAT His(H) AAT Asn(N) GAT
TAC Tyr(Y) CAC His (H) AAC Asn(N) GAC
TAA Stop (X) CAA GIn(Q) AAA Lys(K) GAA
TAG Stop (X) CAG GIn (Q) AAG Lys(K) GAG
G TGT Cys(C) CGT Arg(R) ACT Ser(S) GGT
TGC Cys(C) CGC Arg(R) AGC Ser(S) GGC
TGA Stop (X) CGA Arg (R) AGA Arg(R) GGA Gly (G)
TGG Trp (W) CGG Arg(R) AGG Arg (R) GGG Gly (G)
The 64 genetic triplets and the respective amino acids. In the upper row,
the first nucleotide of each codon is depicted (at the DNA level; in
RNA. the thymine (T) would be a uracil (U)). In the most left column,
the second nucleotide of each codon is depicted. Amino acids are indi-
cated with both their three letter and single letter codes: Ala alanine,
Arg arginine, Asn asparagines, Asp aspartic acid, Cys cysteine, Gln glu-
tamine, Glu glutamic acid, Gly glycine. His histidine, /e isoleucine,
Leu leucine, Lys lysine, Met methionine, Phe phenylalanine, Ser serine,

Stop codon, Thr threonine, Trp tryptophan, Tyr tyrosine, Val Valine

Val (V)
Val (V)
Val (V)
Val (V)
Ala (A)
Ala (A)
Ala (A)
Ala (A)
Asp (D)
Asp (D)
Glu (H)
Glu (E)
Gly (G)
Gly (G)

phan (W), and methionine (M), which are encoded by one
triplet only. Importantly, the codon of the latter is also recog-
nized as start codon at which translation of the protein is initi-
ated. Moreover, three codons encode so-called stop codons
indicating the end of an amino acid sequence. During protein
translation, tRNA molecules operate as amino acid carriers
and recognize the respective triplets encoding these amino
acids. By binding to specific codons on the mRNA within a
ribosome, the respective amino acid can be linked to the pre-
vious amino acid of a growing peptide. By repeating this and
thus linking subsequent amino acids to each other, a complete
protein is being produced. During or after completion of this
process, the protein will fold into its final conformation,
unless it first has to be transported to other cellular organelles,
like the endoplasmic reticulum (ER), mitochondria, etc.
Notably, often also posttranslational modifications of proteins
occur, like glycosylation of proteins in the ER and the Golgi
complex. As mentioned earlier, only a small part (2%) of
DNA is actually encoding proteins. In contrast, about 25% of
the DNA codes for introns, the sequences separating subse-
quent exon sequences, which generally are longer than exons.
The remainder of the genome may have different functions:
sequences can have regulatory roles (i.e., promoter and
enhancer sequences), can be involved in stabilizing and/or
maintaining the DNA (e.g., binding modules for histones), or
play a role in replication and recombination processes. Part of
the DNA may also simply be the remains of ancient evolu-

tionary events and have no function anymore. For example, a
considerable number of so-called pseudogenes are known
that resemble parts of genes or sometimes full genes that are,
however, not being processed into functional proteins, even
though these pseudogenes sometimes only differ from the
functional gene for only a limited number of nucleotides. It
is also increasingly recognized that the genome encodes a
wide range of noncoding RNAs that, however, do play func-
tional roles. Among these are tRNAs and rRNAs, but also
many more recently identified catalytic and regulatory
RNAs, like small nuclear RNAs (snRNAs), small nucleolar
RNAs (snoRNAs), microRNAs (miRNAs), transcription ini-
tiation RNAs (tiRNAs), splicing RNAs (spliRNAs), and long
noncoding RNAs (IncRNAs) [1]. miRNAs were shown to
recognize specific nucleotide sequences within 3" UTRs and
by doing so modulate protein synthesis, while IncRNAs are
believed to be involved in the regulation of differentiation
and development. For many of these functional RNAs, their
precise roles still have to be elucidated. Moreover, yet
unknown new functions of DNA sequences may still be
revealed in the near future. Finally, it is very likely that also
variations in the different noncoding but functional sequences
do contribute to the spectrum of disease-causing mutations.

Genetic Mutations

As mentioned previously, during DNA replication and
recombination processes, errors occur and, in spite of the
existence of repair mechanisms, these errors can form the
basis of somatic or germline mutations. Moreover, mutations
can also occur as the result of chemical modification due to
the effects of sunlight (UV), smoking, air pollution, radioac-
tivity, and/or simply the chemical instability of DNA. While
somatic mutations may lead to disease in individuals (like
the development of cancer), germline mutations (those that
did arise during gametogenesis) may be the basis of inherited
disease, like those in cardiogenetics. Mutations differ in size,
varying from only one nucleotide being changed up to the
deletion or duplication of a complete chromosome (like that
of chromosome 21 leading to the well-known Down syn-
drome, including cardiac abnormalities). Different types of
mutations are described in the following sections. In the sec-
tion “Molecular Genetic Techniques,” techniques used to
identify these mutations will be addressed. Mutations affect-
ing only one nucleotide can have different outcomes. This of
course depends on the nucleotide change itself, but also
whether the affected base is located within regulatory, cod-
ing, or intronic sequences. When considering mutations in
coding sequences, these can sort different effects at the
amino acid level. The substitution of one nucleotide can
result in an amino acid change, a missense mutation that
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impairs the function of the protein either because the activity
of the protein is affected, but with the production of an intact
molecule (gain or loss of function mutations), or because it
leads to misfolding or unfolding and thus instability of the
protein. In the latter case, this most likely leads to an approx-
imately 50% reduction in the production of that protein.
Notably, the other half of produced protein is the result of the
transcription of the intact (“wild type”) gene copy on the
other chromosome and subsequent translation of its mRNA
product. However, when this amount is insufficient for
proper functioning of the protein, this can have immediate or
long-term deleterious effects. This phenomenon is known as
haploinsufficiency. The same basically accounts to single-
nucleotide substitutions leading to an amino acid-encoding
triplet being changed into a stop codon-encoding triplet,
which at the protein level result in a nonsense mutation (see
below for other examples leading to haploinsufficiency).
This introduction of a premature stop codon (also called
truncating mutation) was for years by definition considered
pathogenic. However, the large-scale sequencing efforts of
the last decennium have shown that every human genome
actually contains several dozens of truncating mutations
without being disease causing. And in relation to that, it has
been shown that such mutations exert no or only mild effects
in a significant number of disease genes, while, in contrast,
missense mutations in the same gene may have significant
effects. When truncating mutations are tolerated, this is most
likely related to the availability of an intact gene copy on the
other chromosome still resulting in the production of suffi-
cient protein. Of course in cases where both gene copies are
mutated, the situation is different and this is almost always
deleterious. Although most nucleotide substitutions in
intronic or regulatory sequences are most likely benign, it is
rather difficult to predict the pathogenic nature of such muta-
tions, except for those close to the exon-intron boundaries
within consensus sequences that are being recognized by the
RNA-splicing machinery. The latter mutations are frequently
deleterious as these often lead to the skipping of exons,
resulting in either the deletion of a significant part of the pro-
tein or a reading frameshift often leading to haploinsuffi-
ciency. Finally, with respect to the previously mentioned
alterations, some intronic/regulatory mutations or (silent or
missense) coding mutations that seem nondeleterious at the
protein level may introduce an alternative (cryptic) splice
site also resulting in aberrant RNA splicing. In addition to
single-nucleotide substitutions, the deletion or insertion
(indels) of one or more nucleotides occurs also quite regu-
larly. When this affects nucleotide triplets within reading
frames, it will delete or add the encoding amino acids. This
may have effects similar to that of missense mutations, lead-
ing to stable but dysfunctional proteins or instable and there-
fore degraded proteins. However, when the number of
deleted/inserted nucleotides does not equal 3 or a multitude

of that, it will lead to a disruption of the normal reading
frame and thus a frameshift mutation. At the protein level,
this will result in a completely different protein sequence
(and structure, in the unlikely case that this would lead to a
stable product) from that position or more frequently to the
loss of protein. The latter is because the frameshift frequently
leads to the introduction of a premature termination codon,
thus resulting in haploinsufficiency. The presence of a pre-
mature stop codon (as a result of a frameshift or nonsense
mutations) is often already recognized during the process of
(pre-) mRNA processing, and the respective RNA molecule
is degraded. This process is known as “nonsense-mediated
decay” (NMD), and a large complex of proteins is involved.
Important to note is that premature stop codons that are posi-
tioned at the 3" end of coding sequences do escape this NMD
pathway, leading to the production of a truncated protein
(however with a limited number of amino acids being trun-
cated; this applies to both nonsense and frameshift muta-
tions) or an extended protein of which the C-terminal amino
acid sequence is divergent from the normal sequence, start-
ing from the position of the respective mutation (in this case
only applying to frameshift mutations). As a general “rule of
thumb,” this applies to premature stop codon introducing
mutations in the last coding exon and in the 3" 50-55 nucleo-
tides of the second to last exon. Important to realize is that
with both Sanger sequencing and nowadays routinely used
next-generation sequencing (NGS) applications, the possi-
bility to accurately identify larger indels (>10-15 nucleo-
tides, depending on the technique used) is limited.
Standardized methods to identify deletions or insertions that
are larger than 10-15 nucleotides and those that encompass
one to several exons, as described below, are currently lim-
ited. In addition to single-nucleotide mutations and small
indels, larger insertions, duplications, or deletions may cause
disease. First of all and already mentioned earlier, this may
concern the deletion or duplication of one to several exons
within a gene. Generally, this will also result in haploinsuf-
ficiency, as the affected gene will not be (properly) expressed.
For example, the deletion of only exon 3 of the RYR2 gene
was shown to cause cardiomyopathy, dilated (DCM), or left
ventricular noncompaction (LVNC) and catecholaminergic
polymorphic ventricular tachycardia (CPVT) [2]. Moreover,
the deletion of several coding exons of the PKP2 gene was
shown to be involved in the development of arrhythmogenic
right ventricular cardiomyopathy (ARVC) [3]. These types
of mutations are often detected by using the multiple ligation
probe amplification (MLPA) technique and very recently by
using CNV detection with NGS reads (“Molecular Genetic
Techniques”). Deletions or duplications, however, often
include one or more genes, so-called microdeletions or
duplications. The pathogenicity of microdeletions is well
established (e.g., the deletion of the region including the
TAB?2 gene leading to dominantly inherited congenital heart



1 Introduction to Molecular Genetics

9

defects: [4]), whereas that of duplications is more debated.
As long as the insertion of DNA sequences that are dupli-
cated does not affect the functionality of the gene duplicated
or that of a gene or region in which it is inserted, duplications
can be harmless. Identifying such mutations is generally
done by array-comparative genomic hybridization (CGH) or
single-nucleotide polymorphism (SNP)-array technologies
and/or by performing copy number variation (CNV) analysis
of NGS-derived data (“Molecular Genetic Techniques”).
Finally, deletions/duplications of a large part of a chromo-
some or full chromosomes can also underlie cardiac dis-
eases, however, often as part of a broad spectrum including
other clinical features. The already mentioned Down syn-
drome (trisomy of chromosome 21) is a well-known exam-
ple. Moreover, translocation of parts of chromosomes during
gametogenesis results in the deletions and concomitant
duplications of parts of chromosomes that may lead to an
imbalanced situation in the resulting oocytes or spermatozo-
ids resulting in a child with a severe clinical phenotype,
including cardiac abnormalities (often congenital heart
defects (CHDs)). These aberrations can be identified using
“old-fashioned” karyotyping and fluorescence in situ hybrid-
ization (FISH) methods, QF-PCR (quantitative fluorescent
polymerase chain reaction), or CNV analyses of NGS-
derived data, including analysis of sequences that were
affected by the translocation event.

Genes in Families and Populations

In the previous paragraph, different kinds of mutations, from
those only affecting one specific nucleotide up to full chro-
mosome duplications or deletions, have been described.
When such mutations arise during sexual reproduction, these
can be transmitted to following generations and, thus, form
the basis of inherited diseases. In general, this does not apply
to very large deletions/duplications, as these often have
rather drastic effects, often already resulting in a spontane-
ous abortion. In the following sections, different aspects
related to the inheritance of mutations (or variations; in par-
ticular when concerning multifactorial diseases) are
described.

Modes of Inheritance

Depending on which chromosome or gene is affected by
mutations and how, different ways of inheritance are recog-
nized. Most well-established genetic diseases are Mendelian-
inherited diseases, those caused by mutations on autosomal
or sex chromosomal genes. These mutations can be inherited
in a dominant or recessive manner. Important in this respect
is that the terms dominant and recessive describe the inheri-

tance of genetic disease and not the genes or mutations them-
selves. When dominantly inherited, carrying the mutation on
one allele (one chromosome) is sufficient to cause disease,
and as a result, children of mutation carriers have a 50%
chance of inheriting the same mutation. When such mutation
causes disease mainly after the reproductive age, it can be
transmitted through pedigrees for numerous generations. In
contrast, recessively inherited mutations result in disease
development only when both alleles are affected. In general,
this implicates that patients having both alleles mutated,
inheriting a mutation from both parents (each carrying one
copy of the mutated allele) without being affected. Such
mutations are often also transmitted through numerous gen-
erations and through populations and only causing disease in
the rare situation where two mutations come together in one
individual. This is seen relatively frequently in situations
where consanguinity is involved: the parents of an affected
child being closely or more distantly (sometimes some gen-
erations ago) related. In this case, it most likely concerns
homozygous mutations: the same mutation on both alleles.
In more rare situations, compound heterozygous mutations
may be encountered: different, deleterious mutations on the
two alleles (i.e., two chromosomes) but in the same gene. In
addition to the situation of parents not being affected in case
of recessively inherited diseases, this also applies to cases
were mutations are actually “de novo.” This means that these
did arise early in the development of the embryo or in the
reproductive cells of the father or the mother and were trans-
mitted to the affected child. Of course, when the disease
course is not too severe, this can be the start of a dominantly
inherited disease in following generations. In the situations
described above, mutations are generally located on the auto-
somes and not on the sex chromosomes (X or Y). Mutations
can, however, also be present on the X or Y chromosomes.
Y-chromosome inheritance is quite uncommon and has until
now never been described for heart-related diseases. X-linked
cardiac diseases are often recognized by the fact that female
carriers do not exhibit disease, or only mildly, while their
sons are severely affected. Logically, this mode of inheri-
tance is often recognized in pedigrees because of affected
male family members being connected via mildly or unaf-
fected females. If consanguinity is present in these families,
a homozygous, X-linked mutation may cause severe disease
in females too. Notably, the exception to this is the situation
in which male carriership is actually lethal, while female car-
riers of one X-linked mutation are being affected (compara-
ble to the above-described dominant inheritance on
autosomes). As mitochondria also contain a genome that is
duplicated independently from the nuclear genome and
transmitted to new mitochondria, mutations in mitochondrial
DNA can also be transmitted to next generations, and mito-
chondrial inheritance is being recognized too. Important to
note is that mitochondrial diseases also show a maternal seg-
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regation pattern (like X-linked diseases), and recognizing
this inheritance patterns is being complicated by the fact that
mitochondria contain multiple genome copies that are not
necessarily all mutated. Actually, mitochondrial inherited
diseases are non-Mendelian diseases, as are multifactorial
(polygenic) diseases. The latter will be discussed in more
detail in the section “Multifactorial Inheritance.”

Penetrance and Disease Expressivity

It is important to realize that carrying a mutation does not
necessarily mean that disease will develop. In particular in
dominantly inherited diseases, the phenomenon of reduced
penetrance is often present. When the respective disease is
90% penetrant, this means that 90% of carriers develop dis-
ease. Often penetrance is age dependent, that is, symptoms
of disease develop during the course of life. Moreover, dis-
ease expressivity can differ considerably. For example, the
founder mutation c¢.40_42delAGA; p.(Argl4del) in the PLN
gene predisposes to ACM and/or DCM [3, 6]. In a cohort of
over 400 people in the Netherlands carrying this deletion, the
phenotype ranges from severe outcomes as sudden cardiac
death (SCD) or heart transplantation in young adults to fully
healthy elderly individuals in their 70s even though they are
performing quite extensive sport activities. Moreover, the
same mutation can have different outcomes. For example,
families have been described in which a mutation in a cardio-
myopathy gene resulted in dilated, hypertrophic, or noncom-
paction cardiomyopathy in different family members. Both
reduced penetrance and differences in disease expressivity
may be explained by either nongenetic, environmental fac-
tors or genetic factors, that is, secondary mutations and/or
modifiers. Although the effect size of such genetic factors is
still difficult to establish or predict, current genome-wide
association studies (GWAS) and, in particular, NGS
approaches now enable the search for these genetic
variations.

Genetic Heterogeneity

With the increasing possibilities to detect underlying genetic
mutations in inherited diseases, we have seen an exponential
growth in the number of identified disease genes, also within
the field of cardiogenetics. As a result, it has become evident
that a disease or disease type is rarely explained by a single
underlying gene. Often several genes can be involved. For
example, currently, more than 50 genes have been identified
that are associated with dilated cardiomyopathy (DCM). In
combination with the fact that mutations in the yet known
genes only explain half of the patients suffering from the
inherited form of this disease, this underscores that many

DCM genes are still to be uncovered. Moreover, it is also
increasingly recognized that mutations in the same gene can
result in different phenotypes (which is different from the
same mutation being differently expressed, as discussed ear-
lier). Again within the cardiomyopathies, significant “genetic
overlap” is observed, as mutations in one gene can underlie
different cardiomyopathy subtypes, some even being associ-
ated with every subtype known. Furthermore, genes can even
be involved in several cardiac diseases. For example, muta-
tions in the SCN5A gene are known to cause cardiomyopa-
thy, but also channelopathies like Brugada syndrome or long
QT syndrome or conduction disease. Likewise, in addition to
leading to cardiomyopathies, mutations in the LMNA or DES
genes can also underlie generalized muscular diseases (i.e.,
limb girdle, desminopathy) or, in the case of LMNA, noncar-
diac disorders like lipodystrophy (caused by specific hetero-
zygous mutations) or Hutchinson-Gilford progeria syndrome
(in which a specific heterozygous LMNA mutation is the
cause). Finally, several syndromes, like Noonan or Danon
syndrome, may include cardiac manifestations, sometimes
dependent on the underlying gene defect and/or mutation.

Multifactorial Inheritance

So far we only described monogenetic diseases. However, in
a significant number of cases, the disease is not purely mono-
genic and considering multigenic or multifactorial inheri-
tance is more appropriate. This can vary from digenic
inheritance in which two genes together underlie disease up
to polygenic diseases in which many variants, individually
giving rise to very small effect sizes, together increase the
chances of developing disease or multifactorial disease
where a combination of genetic variants and environmental
factors underlie disease expressivity. Of course, it is rather
difficult, if at all possible, to identify all components of such
multigenic diseases, even with all the novel genetic technol-
ogies and concomitant bioinformatics tools that have recently
become available. Moreover, even when all could be identi-
fied, estimating both the individual and the total effect is
almost impossible. In addition, variations that actually have
protective effects (and quantifying those) and that thus mod-
ify the negative effects of the putatively disease-associated
ones exist. Likewise, it is also increasingly recognized that
monogenetic diseases are actually not really monogenetic
and that several other genetic factors may modify disease
(both negatively and positively), although with the major dis-
ease gene mutation being the one asserting the strongest
effect. Despite the difficulties described earlier with inter-
preting these results, numerous studies to identify causal
variants involved in polygenic diseases, as well as modifying
factors in more Mendelian-inherited disease, have been per-
formed in the last decades. In this respect, also within the
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field of cardiogenetics, many GWAS have been performed to
find SNPs that are associated with cardiological traits. For
this purpose, large groups of individuals suffering from the
same disease, at least several hundreds, have to be analyzed
using arrays containing a large amount of SNPs in order to
identify variants that show a statistically relevant association
with the respective trait. In addition, when detected, such
association is often only valued after being confirmed in an
independent large cohort (preferably from another ethnic
origin). As discussed earlier, the relevance of such findings
for the individual patient is debatable; however, the results
may help in understanding and further elucidating underly-
ing molecular pathways and mechanisms, and the identified
genes linked with these variants could serve as potential drug
targets. As these types of analyses are limited to the SNPs
captured on these arrays, this approach may only identify
variants in the direct genetic neighborhood of the affected
gene that is linked to the phenotype studied, but not the
actual variant. Therefore, with all the new NGS-based tech-
nologies available, the sequencing of thousands of exomes
and genomes now enables the identification of many more of
such variants. However, the wealth of data that have already
become available indicates that every individual is carrying
many private variants (even truncating mutations that are not
always clinically relevant), and distinguishing the irrelevant
ones from the relevant ones in polygenic disease will be a
tremendous challenge. On the other hand, all ongoing whole-
exome and whole-genome sequencing activities will help in
separating relevant from irrelevant genetic information in the
future.

Molecular Genetic Techniques from Past
to Future

The last 20 years have seen unprecedented advances in tech-
nology and the development of innovative techniques in
molecular genetics for the discovery of genes related to
human diseases as well as the application of such knowledge
to molecular genetic diagnostics as a powerful tool in patient
care. The year 2016 marked the 20th anniversary from the
publication of the first comprehensive genetic map of the
human genome based on 5264 microsatellites [7]. Although
a “report of the DNA committee and catalogues of cloned
and mapped genes, markers formatted for PCR and DNA
polymorphisms,” was previously published in 1991 [8], the
1996 map represented the most powerful tool in the hand to
human geneticists for employment of PCR-based polymor-
phic dinucleotide and tetranucleotide microsatellite markers
for pursuing gene mapping via linkage analysis. In addition,
it provided the possibility to study structural chromosomal
alterations such as loss of heterozygosity (LOH) as what
commonly occurs in cancer, in which one copy of a tumor

suppressor gene is deleted due to various rearrangements [9].
Furthermore, these highly polymorphic markers provided
the possibility to detect copy-neutral LOH, uniparental
disomy (UPD) [10], as well as microsatellite instability
(MSI) resulting from abnormal DNA mismatch repair
(MMR) [11]. Molecular genetics and cytogenetics have
since witnessed an exciting 20 years of technical and techno-
logical progress, which will be discussed in the following
paragraphs.

Cytogenetics

Cytogenetics is the branch of genetics that studies the num-
ber, structure, and function of the chromosomes, which con-
tain the highly organized and packed nuclear DNA of the
cell. The first observation of chromosomes occurred in
1842 in plant cells by Carl Wilhelm von Nigeli. Later, in
1882, Walther Flemming discovered the somatic cell divi-
sion (mitosis) in eukaryotic cells, in which the nucleus van-
ished and a highly organized and packed nuclear DNA of the
cell appeared and was named chromatin. In 1888, a German
anatomist, Heinrich von Waldeyer, coined the term chromo-
some to indicate the chromatin at its most compacted struc-
ture. Thanks also to the discovery and development of proper
solution for the preparation of metaphase and interphase
cells, further studies on the structure and function of chro-
mosomes could take place. In the early twentieth century, the
development and the application of the Giemsa banding
(G-banding) staining technique of metaphase chromosomes
allowed the description of the first human karyotype by Hans
von Winiwarter in 1912, reporting 47 chromosomes in sperm
cells and 48 in egg cells, inferring the mechanism of sex
determination. The employment of the karyotyping tech-
nique allows researchers to define the structure of the normal
complete chromosome set and identify alterations linked to
biological abnormalities. In particular, the application to
human genetics and clinical practice led to the discovery of
defects in chromosome number (aneuploidy) in a cell lead-
ing to human diseases such as trisomy 21 (Down syndrome),
trisomy 13 (Patau syndrome), and trisomy 18 (Edwards syn-
drome). Furthermore, karyotype analysis by Mary F. Lyon of
somatic cells led to uncovering the process of X-chromosome
inactivation (Xi) in female mouse [12] and in 1962 in female
human subjects [13]. This pivotal observation paved the way
for future investigations in the field of epigenetic regulation.
In addition to aneuploidy, the use of karyotype analysis using
the G-banding technique permitted the identification of even
more subtle aberration, such as the constriction at the sub-
telomeric position of chromosome X with which Herbert
Lubs [14] in 1969 discovered the cytogenetic basis of the
fragile X syndrome, the most common inherited cause of
intellectual disability in males. The investigation of the sub-
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tle changes in banding pattern was instrumental in determin-
ing not only the loss of the genetic material but also its
exchange between chromosomes with a mechanism called
balanced translocation. The study of the karyotypes from
patients with various diseases allowed the identification of
syndromes caused by the transfer of a piece of a chromo-
some detaching from its original location and translocating
to another chromosome through the exchange of genetic
materials. In some cases, depending on the genes involved,
this mechanism could lead to the constitutive activation of
fusion (chimeric) gene product leading to novel aberrant
function. Many forms of leukemia may stem from this very
mechanism. An example of such mechanism is represented
by the Philadelphia chromosome, which results from the
translocation of genetic material between chromosomes 9
and 22, defined with the cytogenetic nomenclature as t(9;22)
(q34;q11) and associated with the development of most cases
with chronic myeloid leukemia (CML) in which the fusion
of part of the breakpoint cluster region (BCR) protein gene
from chromosome 22 with part the Abelson murine leukemia
viral oncogene homolog 1 (ABLI) gene from chromosome 9
leads to a constitutively active tyrosine kinase. The molecu-
lar mechanism prompted by the Philadelphia chromosome
has allowed researchers in pharmaceutical industry to design
a monoclonal antibody to act as tyrosine kinase function
inhibitor. Tyrosine kinase inhibitors such as imatinib and
sunitinib have been shown to be effective in CML subjects.
All the abovementioned examples underscore the pro-
found impact in clinical diagnosis and management derived
from the application of the karyotype analysis, also defined
as traditional cytogenetics. However, despite much advances
in the DNA molecule stretching and in the banding tech-
nique, karyotyping suffers from a lack of resolution, which
prevents it from the detection of submicroscopic chromo-
somal aberration, in particular deletions and duplications of
genetic material. Although normally utilized by cytogenetic
laboratories, the answer to the need in increasing the resolu-
tion came from molecular genetic approaches, such as fluo-
rescent in situ hybridization (FISH), comparative genomic
hybridization (CGH), and single-nucleotide polymorphism
(SNP) arrays. In a significant number of cases, the use of
CGH or SNP array technologies allowed the identification of
submicroscopic genomic rearrangements leading to genomic
architecture aberrations associated with the occurrence of
genetic diseases. Such genomic architecture aberrations
could be the result of mispairing of highly homologous
repetitive sequences called low-copy repeats (LCR), which
are segmental duplications of DNA blocks ranging from 1 to
400 kb, leading to recurrent chromosomal rearrangement
[15]. The plasticity of the human genome does not only
depend on the LCRs, but other mechanisms can lead to inter-
stitial or subtelomeric deletion/duplication causing copy

number variation (CNV), which represents a much greater
source of structural diversity of the human genome than pre-
viously expected [16—18]. However, in most cases, when a
firm clinical diagnosis is achieved and a specific defect, such
as a microscopic deletion or duplication is a known mecha-
nism of the disease, a more targeted approach such as
Fluorescence in situ hybridization (FISH), which does not
include a genome-wide analysis such as conventional karyo-
typing, CGH or SNP array, can be employed. The develop-
ment of fluorescent molecular probes pairing to a specific
genomic region, exploiting the high complementarity to a
given DNA sequence, is the basis of FISH and allows the
detection or lack thereof of a specific signal in an interphase
or metaphase chromosome preparation. Probably, the first
(in 1993) and best-known cardiovascular disease in which
FISH was used and is still currently widely employed in
clinical practice is the 22q11 deletion syndrome, previously
known as DiGeorge syndrome and velocardiofacial syn-
drome, among others [19]. The most commonly used
genome-wide cytogenetic approaches are still array-based
due to the their resolution capable of detecting relatively
small genomic aberrations such as sub-chromosomal
deletions and gain of genetic material. For that characteris-
tics, CGH or SNP arrays are mostly used to identify variants
associated with CHDs or syndromes involving cardiovascu-
lar abnormalities. However, genome-wide arrays bear intrin-
sic limitations in the detection of genomic rearrangements
such as balanced chromosomal rearrangements like translo-
cations or inversions.

Molecular DNA Techniques

Among the technical advances in molecular biology, which
have been widely utilized in genetic research and in clini-
cal molecular diagnostics, two represent absolute mile-
stones: Sanger sequencing, developed in 1977 by Frederick
Sanger [20], which won the Nobel Prize in Chemistry in
1980 along with Walter Gilbert, and the polymerase chain
reaction (PCR) developed in 1983 by Kary Mullis [21],
also awarded with the Nobel Prize in Chemistry in 1993
with Michael Smith. PCR is a process used to exponen-
tially amplify a specific DNA sequence, through sequen-
tial repetitive cycles, at several orders of magnitude
starting even from a single DNA molecule and leading to
thousands to millions of copies of the desired DNA target.
PCR found immediate applications in biological research
and molecular diagnostics including DNA cloning for
sequencing, forensic genetic fingerprinting, and diagnosis
in infectious diseases, evolutionary biology, and quantita-
tive gene expression analysis, among others [22-24]. A
natural application of PCR was the ability to provide the
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rapid availability of sufficient DNA target for sequencing,
compared to previous laborious DNA isolation techniques.
In addition, the exploitation of the exponential phase of the
PCR along with the employment of fluorescently labeled
primers, probes or dyes, led to the development of a real-
time quantitative PCR (qPCR) method for the accurate and
sensitive detection and quantification of nucleic acids [25].
Among the various applications in clinical practice, an
important role was played by qPCR in the detection of
infective agents load in endomyocardial specimen from
patients with myocarditis [26] or in post heart and lung
transplant subjects at risk of rejection [27]. The latest
development of such technology led to digital PCR
(dPCR), which can be used to provide the direct absolute
quantification of the initial nucleic acid sample amount by
partitioning the specimen into a large number of separated
micro wells or emulsion reactions, allowing for a large
data point collection and more sensitive measurement of
the target nucleic acid amount [28] including small dele-
tions and duplications, as well as copy number variants, in
a manner independent on the number of amplification
cycles [29].

Another frequently used molecular technique, namely,
multiplex ligation-dependent probe amplification (MLPA),
is extensively employed in clinical diagnostics for the detec-
tion of copy number variation and exon-based small and
large deletion/duplication analysis [30]. MLPA represents a
derivative of multiplex PCR that allows multiple targets to be
amplified simultaneously using various pairs of forward and
reverse oligonucleotide primer probes recognizing adjacent
target sites on the DNA. Only, when both probes perfectly
anneal to their respective targets, they can be ligated into a
complete probe and amplified into a fluorescently labeled
PCR product of unique length and can then be separated and
identified by capillary electrophoresis [30]. The comparison
of the detected fluorescent peak patterns between the test
sample and a reference sample can provide a quantitative
ratio of each amplicon stemming from the relative amount of
the target sequence along with the relative quantity of each
obtained product [30].

In addition to the numerous applications of PCR and all
its derivatives, PCR has become the perfect mate of the
Sanger technique, which is the chain-termination method
for sequencing DNA molecules. Sanger sequencing exploits
the inability of dideoxynucleotides to allow another DNA
base to be added to the newly synthesized DNA strand. Its
extraordinariness is represented by the ability to determine
rapidly and accurately the sequence composition of long
stretches of DNA such as the 16,569 base pairs of the
human mitochondrial genomic DNA [31], the 48,502 base
pairs of the bacteriophage A [32], and the complete and
accurate sequence of the 3 billion DNA base pairs that
compose the human genome [33, 34].

NGS

For several decades, Sanger sequencing has been the gold
standard for the determination of variants in nucleic acid
molecules in both biological research and clinical molecular
diagnostics. However, the pace of gene discoveries along
with unveiling the increasing genetic heterogeneity in most
diseases, and especially in primary cardiomyopathies and
arrhythmias syndrome, overcame the ability to target all
most relevant genes to increase the detection rate and
improve molecular diagnostics. Since the announcement of
the completion of the first draft of the Human Genome
Project in 2003, it became apparent that the throughput
employed until then was insufficient to compete with the
upcoming challenges in genetics and genomic research and
clinical practice. In particular, the high demand of cost-effi-
cient methods for large-scale sequencing projects pushed
toward the development of high-throughput sequencing or
next-generation sequencing (NGS) technologies that provide
massive parallel sequencing, producing thousands or mil-
lions of sequences simultaneously. The technique was ini-
tially applied to determine gene expression levels by counting
the number of individual messenger RNA (mRNA) mole-
cules produced by each gene. The NGS technology evolved
between the end of the 1990s and the beginning of the
twenty-first century with the advent of the 454-pyrosequenc-
ing machine for DNA sequencing, which could drastically
reduce the cost of sequencing compared to Sanger and pro-
duce 20 million bases (20 Mbp) worth of data [35]. In the
following years, the throughput increased almost exponen-
tially. Almost simultaneously, another platform, the Genome
Analyzer (GA), entered the market based on the sequencing
by synthesis (SBS) technology using reversible dye-termina-
tor chemistry generating up to 50 billion bases (50 Bbp) of
usable data per run [36]. Another platform based on the SBS
technology is the single-molecule real-time (SMRT)
sequencing in which the DNA is synthesized in zero-mode
waveguides (ZMWs), a nanophotonic confinement structure
consisting of a hole in an aluminum shell film deposited on a
clear silica substrate in which a single DNA polymerase
enzyme is attached to the bottom of a ZMW with a single
molecule of DNA as a template where fluorescently labeled
nucleotides are added to the growing DNA molecule allow-
ing reads of up to 60,000 nucleotides or more, with average
read lengths of 5000 bases [37]. In addition to the aforemen-
tioned technologies, various companies developed a vast
selection of machines able to yield up to 600 G bases of data
with increasing read length and coverage depth with the
capacity to sequence a human genome in about 24 h, 20
exomes in a day, or 30 transcriptomes (RNA sequencing)
samples in as little as 5 h. Other technologies are also devel-
oped such as sequencing by oligo ligation detection,
employed by the SOLiD platform, and the semiconductor
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technology used by the Ion Torrent sequencer, which is based
on the detection of hydrogen ions that are released during the
polymerization of DNA. Of great interest are methods
recently commercialized such as nanopore sequencing,
which relies on the retrieval of electrical signals from nucle-
otides passing through nanopores changing conformation of
the pore and the ion flow going through it according to the
shape, size, and length of the DNA sequence. Nanopore
sequencing benefits from generally long reads (10-30 Kbp)
and is capable to achieve ultra-long reads (50—-882 Kbp) with
great sequence data mappability [38]. Very long reads capac-
ity may allow the detection of expansion variants and dis-
criminate between the intended target and homologous,
paralogous, and pseudogene sequences. In addition, there are
new methods recently developed to improve the base accu-
racy of the nanopore technology, such as circularizing cDNA
molecules followed by rolling circle amplification [39].
However, despite great promises, a major limitation for
large-scale application of nanopore sequencing remains the
single base reading accuracy, which prevents its use in clini-
cal diagnostics. The use of NGS has allowed an increasing
amount of DNA to be targeted for sequencing. Depending on
the desired application, NGS can be applied to target a panel
of candidate genes, known to be associated with a specific
disease or spectrum of disorders, or can be used to capture
the entire 35Mbp of the coding sequence collection, namely,
whole-exome sequence (WES), or even the 3Gbp of the
whole-genome sequence (WGS), thus providing with an
extraordinary level of flexibility. Besides, there are important
parameters to consider in NGS experiments such as the read
modality, which means obtaining a sequence read from one
end of a DNA fragment (single-end read) or from both (pair-
end read). The single-end read usually is faster, cheaper, and
usually enough for applications such as RNAseq (gene
expression profile) or ChIPseq (chromatin immunoprecipita-
tion paired with massively parallel DNA sequencing to iden-
tify the binding sites of DNA-associated proteins). Pair-end
read sequencing however provides more accurate mapping
of the DNA fragment to the reference genome, making it an
excellent approach for clinical diagnostics and allowing the
resolution of structural rearrangements such as deletions,
insertions, and inversions. The application of NGS in either
research or clinical diagnostics, although offering the flexi-
bility to determine the extent of nucleic acid sequence to
cover (panels, WES, WGS, RNAseq, ChiPSeq, methylome,
etc.), also presents with technical limitations, which are
intrinsic to the modality utilized for the test. In all applica-
tions but WGS, after fragmenting the nucleic acid molecules,
specific probes to target or capture the desired sequences
should be employed. There are mainly two capture modali-
ties currently used in NGS: amplicon-based, which use oli-
gonucleotide probes as PCR primers for amplicons, and the
hybridization-based which allows the nucleic acid fragments

to be used for further enrichment and clonal amplification
[40]. Each capturing modality provides various levels of
sequence complexity and uniformity, along with difference
in depth of coverage. Constitutional genetic disorders such
as cardiovascular diseases can be effectively detected using a
minimum of 100x average coverage (approximately 100
reads from both directions), being derived mostly from con-
stitutional variants. However, for somatic cancer genetics
applications, much higher depth of coverage is usually
required due to the genetic heterogeneity in tumor samples
along with normal tissue. Further, the choice of the sequenc-
ing platform also has an important impact on the ability to
detect different types of variants, and each platform comes
with unique advantages as well as technical limitations in
variant detection, which can be partially resolved by the use
of appropriate software for alignment and variant calling that
normalizes for these errors [40]. Recently, investigators have
compared amplicon-based with hybridization capture-based
methods, and apparently, hybridization capture-based meth-
ods resulted in better sequencing complexity and uniformity
and lower false-positive and false-negative rates for single-
nucleotide variants (SNVs), although the latter issue can be
corrected by modifying the parameters, such as minimum
variant frequency or minimum read coverage, necessary for
a base call [40]. In the case of clinical molecular diagnostic
re-sequencing, the raw data obtained from the various
sequencing machines needs to be processed bioinformati-
cally and assembled into contigs reconstructing the entire
DNA fragment clonally amplified during the sequencing
process. In addition, once the sequence fragments have been
aligned in contigs, they have to be also mapped against a
reference genome sequence, called assembly. An important
bioinformatics issue is the filtering of repetitive sequence,
segmental duplications, and pseudogenes which can be
spreading all over the genome. In many cases, if a sequence
cannot be uniquely assigned to a specific genomic location,
it is filtered out loosing part of the information. Following
this, the next steps in the procedure involve the detection of
each variant compared to the reference sequence and its
placement with respect to the coding, splicing, or intronic
sequence, a process called variant annotation. It is only after
all variants’ annotation has been completed that a laborious
and complex process of variant interpretation begins (see
that paragraph).

The extraordinary application of NGS in cardiovascular
genetics stemmed from the notion that for many decades,
primary cardiac diseases such as cardiomyopathies or chan-
nelopathies have been regarded as purely monogenic
Mendelian disorders characterized by high locus and allelic
heterogeneity, incomplete penetrance, and clinical variabil-
ity. However, recent findings challenged this view, and a sig-
nificant fraction of cardiovascular patients with suspected
genetic origin analyzed for large gene panels, WES or WGS,
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presented with the detection of multiple pathogenic variants
suggesting the occurrence of a more complex genetic inter-
action, leading to a challenging interpretation of the clini-
cally relevant role of each identified variant [41]. Recently
the American College of Medical Genetics and Genomics
(ACMG) has published the standard guidelines for the inter-
pretation of sequence variants [42], weighing strong genetic
data, such as linkage analysis and cosegregation of the vari-
ants in large pedigrees, or solid and comprehensive func-
tional characterization of the variants along with the
frequency in large controls databases, amino acid conserva-
tion analysis, in silico damage prediction, association studies
data, and other “indirect” suggestive parameters [42]. More
details on this are being provided in paragraph “analysis and
interpretation”.

In the last several years, NGS has allowed the gathering
of data from a large set of genes, the whole sets of coding
exons (exome) or the entire genome, which has also prompted
the development of bioinformatics methods for the detection
of CNV [43-45]. Currently, NGS is widely used in clinical
diagnostic laboratories, which are employing NGS also for
the detection of CNV as well as other genomic rearrange-
ments including balanced translocations and inversions [46].
It has been recently shown that there is a significant preva-
lence of genomic rearrangements in Mendelian diseases and,
although pathogenic CNVs for cardiovascular disorders
were detected overall in 4.7% of cases, comparatively lower
than other clinical areas [47], familial hypercholesterolemia
showed a positive detection in almost 11% of subjects [47],
while in aortopathies pathogenic CNVs were detected in up
to 8.1% of cases [48].

Despite all the existing limitations and technical chal-
lenges, the increasing utilization of massive parallel sequenc-
ing technologies will continue to allow the unveiling of an
increasing level of complexity in genetic causes of human
diseases along with an impressive amount of data, which will
permit, in a non-distant future, the hasty interpretation of
genetic variants.

Analysis and Interpretation
Variant Classification

Before we will discuss the aspects involved in variant clas-
sification, we will explain why it is recommended to use the
term (genomic) variant and not mutation or polymorphism
when we discuss a DNA alteration. The terms “mutation”
and “polymorphism” lead to confusion due to incorrect
assumptions of pathogenic and benign effects, respectively.
A mutation is defined as a permanent change in the nucleo-
tide sequence, while a polymorphism is defined as a variant
with a frequency above 1%. Therefore, these terms do not

say anything about the biological significance (benign vs.
pathogenic) of the DNA alteration [42].

In the past few years, sequencing technology has changed
rapidly with the development of high-throughput sequencing
methods, which are collectively referred to as NGS. In the
past, Sanger sequencing has been the gold standard in molec-
ular diagnostics. Because this test is relatively labor-intensive
and rather expensive, it was not suitable for diseases that
show extensive genetic heterogeneity. It was therefore either
applied to diseases in which (pathogenic) genetic variants in
a small number of genes could explain the phenotype or in
cases of genetic heterogeneous diseases to analyze only the
most prevalent disease genes. The recent technological
developments in high-throughput sequencing and computing
have resulted in accurate sequencing at much lower costs,
which enabled testing for targeted gene panels of over 100
disease genes, as well as exomes and even genomes (“Next-
Generation Sequencing”). The limiting factor in deciding on
the content of the test is no longer the size of the gene or its
relative contribution but more on its relevance for the dis-
ease. Inaccurate variant-disease associations represent a
challenge for clinical variant interpretation, and because the
amount of information about genes and genetic variants is
growing daily, there is a continuous need for the reassess-
ment of previously classified genetic variants. In daily prac-
tice, however, this is virtually impossible. Instead, it is
recommended to reassess the variant if it is identified in
another index patient or when the patient or family in which
the variant was originally found revisits the cardiogenetic
clinic or as a result of discussion on classification of a variant
between different laboratories where the variant was found.
When this reassessment results in another classification that
affects medical care, all previously identified gene carriers
should be informed about this. Molecular genetic testing is
highly relevant. Finding a pathogenic variant may be of help
to identify family members at risk or those that do not need
cardiological surveillance any more. In addition, knowing
the underlying gene variant may guide clinical treatment in
some cases. Therefore, accurate variant assessment is very
important but not easily accomplished as relevant informa-
tion is not always available or accessible at the time of inter-
pretation. Moreover, no standard, comprehensive, and
efficient variant classification method is available that is
approved and shared by the community. However, variant
interpretation should be as uniform as possible, and there-
fore, medical genetic laboratories have developed guidelines
for interpretation, including those from American (ACMG),
Dutch (VKGL), and British (ACGS) Clinical Molecular
Genetics Societies [42, 49-51]. Important to note is that this
classification is only relevant for the interpretation of vari-
ants that cause a (suspected) inherited Mendelian disease and
not intended to be used for the interpretation of pharmacoge-
nomics, somatic or multigenic non-Mendelian diseases. In
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addition, care must be taken in interpreting variants in candi-
date disease genes (GUS, genes of uncertain significance)
which will be detected when exomes and genomes are stud-
ied or when these GUS are added to a targeted panel.

It is of great importance that diagnostic laboratories use a
consistent method to report variants. Therefore, the diagnos-
tic genetic community has decided to use the guidelines
available from the Human Genome Variation Society
(HGVS: http://varnomen.hgvs.org). Clinical reports should
include sequence reference(s) (or genome build when
genomic coordinates are used) to ensure unambiguous nam-
ing of the variant at the DNA and protein level (“c.” for cod-
ing DNA sequence, “p.” for coding protein, and “g.” for
genomic sequence). There is a general agreement on using a
classification system based on five variant classes. These are
class 1, certainly not pathogenic or benign (diagnosis not
confirmed molecularly and therefore not reported); class 2,
unlikely pathogenic variants or likely benign (diagnosis not
confirmed molecularly and often not reported); class 3,
unknown or uncertain pathogenicity or significance (does
not confirm or exclude diagnosis); class 4, likely pathogenic
(consistent with the diagnosis); and class 5, (certainly)
pathogenic (result confirms the diagnosis). Some laborato-
ries subdivide class 3 variants, also known as variants of
uncertain significance (VUS), even further into VUS (favors
benign), VUS (unknown), and VUS (favors pathogenic).
Often this is done for internal use and not reported to the
referring physician. The term “likely” is used when the pro-
fessional believes that the variant is about 90% benign (class
2) or pathogenic (class 4). To obtain an appropriate classifi-
cation, the following major aspects are taken into account:
frequency and number of alleles in patient and control popu-
lations, degree of segregation with disease, functional evi-
dence, predicted protein effect, and comparison with the
established spectrum of pathogenic variation in a gene.
Basically, variant interpretation consists of two parts. In the
first part, variant-specific features are calculated and scored
based on in silico (computational) predictive programs,
many of them being available on the Internet (see [42, 49,
52]) and frequency data from “control” databases, for exam-
ple, from the Genome Aggregation Database (gnomAD;
http://gnomad.broadinstitute.org/). The second part is using
already available information from the literature or online
databases or can be obtained by performing additional stud-
ies of a particular variant. Examples of this are as follows:
how often has this variant been found before related to this
disease, does the variant cosegregate with the disease, has it
functionally been analyzed, and did the variant occur de
novo (not present in both biological parents)? Many genome
diagnostic labs use Alamut (http://www.interactivebiosoft-
ware.com/alamut.html), a commercially licensed software
package that allows a user-friendly environment for variant
review, visualization, and interpretation combining several

protein effect prediction programs and “control” and disease
databases. In addition, it can be used as a database for the
analyzed samples in the laboratory. Many other commercial
applications for the annotation and data interpretation are
available as well (see Oliver GR et al. [53]).

In Silico Predictive Programs In general, the algorithms
can be divided into tools that predict whether a missense
change could result in a change or loss of protein function
(e.g., PolyPhen-2, SIFT, MutationTaster, Grantham score) or
those that predict whether there is an effect on splicing (e.g.,
Human Splice Finder, NetGene2). In general, most programs
for missense variant prediction are about 70% accurate when
examining known disease variants [54, 55]. Although many
prediction tools are based on different algorithms, they have
similarities in their underlying methodology. All tools
depend on criteria such as biochemical consequences of the
amino acid substitution and evolutionary conservation. The
predicted classification must not be considered definitive but
should be considered as one aspect of a more extensive
investigation (i.e., moderate evidence). Splice prediction
tools in general have a greater sensitivity (about 90%; frac-
tion or percentage of splice-site variants successfully identi-
fied) than specificity (about 70%; fraction or percentage of
neutral variants successfully identified) and should only be
used as a first indication [56, 57]. If possible, RNA studies
should be performed to prove that the variant indeed inter-
feres with splicing. This should be performed in an appropri-
ate and validated tissue or cell type. Only nucleotide changes
that disrupt the (essential) dinucleotide consensus splice
sites (located in the intron at the intron/exon boundary, that
is, positions =1 and +2) can be considered to disrupt the
splicing without functional RNA analysis when most splice
prediction tools predict the loss of splicing. However,
whether this variant will be considered (truly) pathogenic
depends on aspects like the role of the gene in disease and
whether these types of variants have been reported before as
pathogenic in this specific disease. Therefore, it is recom-
mended to test these types of splice-site variants in RNA as
well to investigate whether the alternatively spliced RNA
will result in an in-frame or frameshift variation. Both types
of variants often have different impact on function. A frame-
shift variant often results in loss of function, whereas an in-
frame variant could function in a dominant-negative way.

Frequency Data from “Control” Databases Determining
the frequency of a variant in the general (or control) popula-
tion is useful in judging its potential pathogenicity, preferably
by using ethnically matched controls. For this, several publicly
available population databases as well as other resources (in
house, publications) are being used. The already mentioned
gnomAD database is at present the largest with frequency data
from over 123,000 exomes and 15,000 whole genomes. An
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allele frequency higher than expected for the disease is in gen-
eral considered as strong support for a benign interpretation.
Several exceptions to this rule are, however, known in the lit-
erature like the common South Asian ¢.3628-41 3628-17del
variant in MYBPC3 that is associated with cardiomyopathies
and occurs with a frequency of 3.1% in South Asian (gno-
mAD) and even up to 8% in certain Indian populations [58].
The absence of a variant in a large general control population
indicates only a moderate piece of evidence for pathogenicity
of a variant, because also many benign ones are “private” (i.e.,
unique to an individual or family).

Occurrence of the Variant in Disease Databases Data
sharing of variants has shown to be of great value for clas-
sifying VUSs. For this reason, diagnostic labs make use of
mutation/disease databases, like HGMD or Human Gene
Mutation Database (http://www.hgmd.org), ClinVar (http://
www.ncbi.nlm.nih.gov/clinvar), and Locus-Specific
Databases (LOVD; http://www.lovd.nl) [59-61], and pub-
lished literature. However, these data should be used with
caution. When using these databases, it is important to know
the quality of the data (e.g., Sanger-validated vs. low-qual-
ity next-generation sequencing), how often the database is
updated, and the source reliability and independence of the
data. Notably, dated literature may contain older nomencla-
ture and classification. Many previously published disease-
associated variants turned out to be present in
population-based exome data and made the pathogenicity of
these variants dubious [62, 63]. A variant is statistically
more likely pathogenic if it occurs in affected individuals
more frequently than expected by chance. For this, the like-
lihood of random occurrence (e.g., through case-control
studies using Fisher’s exact or chi-square test) or odds ratios
(ORs, http://www.hutchon.net/confidor.htm, http://www.
easycalculation.com/statistics/odds-ratio) is being calcu-
lated. In general, variants with a modest Mendelian effect
size will have an OR of 3 or greater, while highly penetrant
variants will have very high ORs (up to 13). When interpret-
ing ORs, it is important to take the confidence interval (CI)
around the OR into account. For instance, if the CI includes
1.0 (e.g., OR = 2.5; CI = 0.9-7.4), there is little confidence
in the assertion of association [42]. Because NGS results in
exponential growth of the number of variants, data sharing
has become even more important. Therefore, clinical labo-
ratories should submit variants to existing databases or
should create their own sharing databases. These databases
should offer the possibility to record each unique detection
of the same variant to keep track of the prevalence of the
disease in the general population. At present, sharing of data
is unfortunately still in its infancy due to issues like insuffi-
ciently automated submissions, curation of data, patient pri-
vacy issues, and the traceability of the origin of submission.
For organizational reasons, as well as to record population

and/or geographic-specific information, Weiss et al. [50]
recommended that diagnostic labs should start with national
data-sharing initiatives that should merge into an interna-
tional database. In the Netherlands, the genome diagnostic
laboratories share their variant classifications with each
other and with international databases like LOVD,
CafeVariome, and ClinVar. Not only sharing of the variant is
important but also sharing of accurate and detailed pheno-
typic data. This is far from optimal at present and requires
good collaboration between clinic and laboratory- and soft-
ware-supported approaches.

Cosegregation with the Disease Significant cosegregation
of a variant with the disease in families is a strong indication
for pathogenicity. However, it should be realized that the
presence of partial (age-related) penetrance, phenocopies
(affected family members with the disease due to a nonge-
netic or different genetic cause), and nonpaternity can result
in erroneous interpretation. Accurate clinical evaluation and
communication of this to the laboratory is of crucial impor-
tance for a reliable interpretation. In addition, the segrega-
tion of a particular variant with a phenotype in a family is
evidence for linkage of the locus to the disorder but not nec-
essarily evidence of pathogenicity of the variant itself, that
is, any variant in linkage disequilibrium with the causative
variant will segregate with the disease. Cosegregation in
multiple distantly related family members and multiple fam-
ilies from diverse ethnic background and sequencing of the
complete gene provide stronger proof that another variant is
not involved. Linkage analysis methods have been published
[64, 65] and recently a more simplified method for segrega-
tion analysis (SISA, [66]). As a rule of thumb, ten informa-
tive segregations can provide a significant LOD score (>3.0),
providing significant evidence for linkage between a genetic
locus and the disease. In general, extended families with car-
diogenetic diseases are rare, and therefore, significant LOD
scores are difficult to obtain, although LOD scores of multi-
ple independent families carrying the same variant, but not
genealogically linked, can be added together. Notably, fewer
informative segregation may be sufficient in combination
with other supporting data. In addition, lack of segregation
of a variant with a phenotype provides strong evidence
against pathogenicity.

Functional Studies A reliable functional test is regarded as
an important piece of evidence to confirm pathogenicity.
However, such assays are rarely available as part of routine
diagnostic services. In addition, it is important to assess the
validity of a functional test with respect to how closely it
reflects the biological situation. Other factors to consider are,
for example, validation (robustness, reproducibility) of the
assay and specimen integrity including storage and transport.
In general, direct analysis on patient material provides the
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strongest functional evidence. In vitro studies can be useful
(e.g., patch-clamp studies for ion channels) but may not rep-
resent the biological situation completely and therefore do
not always provide direct proof for causality but are only
moderate evidence.

De Novo Variants A de novo observation in an exome or
genome as such is no longer considered unequivocal evi-
dence for pathogenicity because all individuals are expected
to have approximately 1 de novo variant in their exome or
100 in their genome. A de novo variant (not present in both
biological parents) is considered strong support for pathoge-
nicity when the phenotype of the patient is in line with the
gene’s disease association and the family history of disease
is consistent with de novo inheritance. This means unaf-
fected parents for a dominant disorder, but more than one
sibling can be affected if one of the parents is a germline
mosaic.

Other Aspects to Consider Genes may have multiple tran-
scripts, some of which can be tissue specific and associated
with different phenotypes. When multiple variants are identi-
fied in a single gene, the phase (i.e., in cis on the same chro-
mosome or in trans on homologous chromosomes) of the
variant is of importance, in particular for recessive disorders.
Variant spectrum (i.e., which type of variant gives rise to
which disease) is important to take into account as well. For
some genes, truncating variants (e.g., resulting in loss of
function) are the primary type of pathogenic variants, as is
the case for MYBPC3 variants in HCM, whereas in other
genes, missense (e.g., resulting in a dominant-negative
effect) variants are the primary type of pathogenic variants,
as is the case for MYH7 variants in HCM. In addition, index
patients could have multiple variants that can contribute to
more severe disease [67]. These aspects need to be consid-
ered and further complicate variant interpretation.

Data Quality Issues and NGS

NGS methods (gene panels, exomes, in the future genomes)
are being used by genome diagnostics laboratories world-
wide because of their fast, efficient, and relatively cheap
analysis of diseases that show genetic heterogeneity. Some
diagnostic labs are able to use NGS data to detect copy num-
ber variants (CNVs) as well. This makes NGS even more
attractive as a diagnostic tool [68]. In the past, CNV detec-
tion required the use of microarrays (for detecting large
CNVs) or multiplex ligation-dependent probe amplification
(MLPA) for gene/exon-sized CNVs (see also the section
“Molecular Genetic Techniques”). Bioinformatics analysis
applied to next-generation sequencing (NGS) data by mak-
ing use of, for instance, normalized depth of coverage per
region (exon) per sample and comparing this with the aver-

age coverage per region (exon) of previously analyzed sam-
ples makes CNV detection of NGS data visible. Vertical
coverage per region and reproducibility of normalized cover-
age data determine the resolution and visibility of CNV
detection with NGS.

Many NGS platforms are available and are being adjusted
and improved constantly presenting their users with new
challenges, at the technical, data management, interpretation
(see the section “Variant Classification”), and counseling
level. With the handling of NGS data, a skilled and dedicated
bioinformatician as part of the analysis team in any diagnos-
tic laboratory is mandatory. Before NGS can be used in diag-
nostics, all methods and equipment should be validated.
Previously discussed guidelines (e.g., [50, 69, 70]) are being
used to allow more standardization and agreement about
quality issues and number of genes that needs to be analyzed
for a particular disease. Analyzing more genes for a disease
does not necessarily mean a higher yield but can instead
result in more uncertainty (e.g., identification of more VUSs
or obtaining unsolicited findings) for the patient [71]. A con-
dense summary of these guidelines will be given below.
Before doing that we will discuss the major components of a
NGS analytical pipeline [53]. It all starts by deciding what
should be analyzed. One can choose for a targeted panel,
which consists of the DNA from only the proven candidate
genes for a disease and is obtained by an amplicon-based
strategy (PCR-based enrichment of target region) or sequence
capture (hybridization based) [72, 73]. WES is also an
option. For this, DNA from all coding exons using a sequence
capture is isolated. Finally, the whole genome can be
sequenced (WGS, starting to be introduced in diagnostics).
For this, no DNA enrichment is involved. WES and WGS
can be analyzed in different ways using different analysis
models, for example, trio analysis (e.g., parents and affected
child), for detecting de novo variants or specific approaches
for autosomal dominant or recessive inheritance. In addition,
filtering of a specific gene panel (virtual analysis) can be
used. Each approach has its own quality issues that should be
considered, and none of these pretend to give a “complete”
analysis, although in the mind of patients who have their
“genome” analyzed, this may be suggested. It is the task of
the referring clinician to clearly explain the shortcomings of
the test to the patient (as a part of the pretest counseling). The
conditions for including a gene into a panel or what type of
analysis is preferred for a certain disease should ideally be
dealt with at the community level in a multidisciplinary way
and is not common practice yet. Initiatives for this has been
started recently by the Clinical Genome Resource (ClinGen),
supported by the National Institutes of Health (NIH), to
develop expertly curated and freely accessible resources
defining the clinical relevance of genes and variants for use
in precision medicine and research [74]. To guarantee uni-
form and transparent molecular testing between clinical
genetic laboratories, it is recommended that a “core disease
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gene” list and/or “diagnostic routing” for genetic diseases
will be defined and maintained [50, 69]. Variant analysis in
these “core disease genes” should warrant a sequencing
quality that matches current practice (i.e., high sensitivity
and specificity). Sometimes this could mean that gaps (“low-
coverage regions”) should be sequenced with another
sequencing method (e.g., Sanger sequencing). The (enriched)
DNA is subsequently used for NGS. Three parts can be dis-
tinguished in the process from DNA sequencing to interpre-
tation of NGS data. The first part is the sequencing on the
sequencing instrument (e.g., MiSeq, Ion Torrent). Most
instruments are also able to convert the raw signals generated
by the sequencing instrument into nucleotide bases with
associated quality scores in a so-called FASTQ file. The sec-
ond part involves several methods that operate together to
detect genomic aberrations from quality-scored sequence
data and consists of several stages from which alignment of
reads to the human reference genome, flagging or filtering
duplicate reads (probably PCR artifacts), and variant calling
are the most important. Alignment problems due to repetitive
genomic regions and pseudogenes can result in the loss of
sequence data as a result of relatively short read lengths gen-
erated by most NGS technologies [75]. The final output is
often a VCF (variant call format) file. This file is used in the
final stage, which consists of result interpretation by annotat-
ing (classifying) the variants to determine their biological
significance by trained clinical laboratory geneticists using
homemade pipelines or commercial programs like Alissa
and Alamut (see also the section “Variant Classification”). In
order to deliver high-quality diagnostics, it is important to
realize the limitations of the different NGS platforms and
enrichment methods (if any) used to isolate the DNA to be
sequenced. Not only for the laboratory but also for the refer-
ring clinician, it is important to know which quality issues
need to be considered. In general, the sensitivity of NGS
depends largely on the horizontal and vertical coverage of
the genomic regions of interest (Table 1.2). In this respect,
one should distinguish between raw coverage and informa-

Table 1.2 Definitions and used terminologies (see also [50])

Selected template region that needs to be

Target investigated

Raw coverage Percentage of reads that map to reference genome

Horizontal Percentage of target mapped reads that are on or

coverage near the target

Vertical Read depth, uniquely mapped reads at a specific

coverage locus

Informative Uniquely mapped (high-quality) reads, excluding

coverage duplicate reads

Core disease  Disease genes that are considered essential to

gene list establish a molecular diagnosis (i.e., genes
containing proven pathogenic variants that explain
the disease)

Diagnostic Flowchart, indicating the routing of genetic tests

routing within the laboratory for a specific disease, can be a

combination of different techniques

tive coverage (Table 1.2): the first is the actual number of
times a certain position, that is, nucleotide, has been
observed (including low-quality calls), whereas the latter
reflects the true informative value of all positions within a
gene target (only high-quality calls are included). This
informative coverage can be calculated on the basis of a
predefined set of filtering criteria: uniqueness of mapping,
mapping quality of the read, position of the base within the
read, and the number of individual start sites represented by
the reads (independent samplings from the pool). The
informative coverage is per definition at best equal to, but
generally lower than, the raw coverage. By only using these
informative reads, variant calling efficiency and accuracy
have enhanced tremendously, thereby reducing the minimal
coverage needed per nucleotide. The minimal vertical
informative coverage is dependent on the platform and the
strategy used. In general, the Dutch laboratories recom-
mend at least 20-30x coverage; read depths that range from
15 to 20 are left to the expert interpretation of the labora-
tory specialist. In addition, the laboratory must be able to
guarantee that reported variants are associated with the
analyzed patient by using a SNP control test or confirma-
tion on a second (independent) DNA sample to rule out
sample swaps. Other aspects that influence data quality are
the way in which target enrichment is performed. Amplicon-
based strategies can result in losing important sequence
information because of allelic dropout (due to rare poly-
morphisms), whereas an important drawback of
hybridization-based enrichment strategies is reduced cov-
erage in GC-rich regions [72, 73]. To make this issue more
transparent, a rating system (A, B, or C) for NGS diagnos-
tics has been proposed [69]. With a type-A test reserved for
genes or gene panels analyzed with the highest possible
quality, no sequence gaps in the target region are allowed.
In a type-B test, the lab describes exactly which regions are
sequenced with the highest possible quality and which are
not (only for some regions sequence gaps are filled with
another sequencing method). The type-C test solely relies
on the quality of NGS sequencing (no additional Sanger (or
other) sequencing is offered) as is the case for exomes. If a
test is based on exome of genome sequencing, then it
should be realized that with the current possibilities, qual-
ity issues related to insufficient sequence depth of many
regions should be accepted. Rehm [76] stated this in the
following way: “although exome and genome sequencing
are often referred to as ‘whole’ exome or genome sequenc-
ing, these services might better be called ‘hole’ exome and
genome sequencing.” Nevertheless in cases of extreme
locus heterogeneity (e.g., in pediatric cardiac diseases),
WES can be the best choice because the reduced sensitivity
per gene compared with conventional sequencing may be
compensated by the large number of genes that can be
included in this test, resulting in a higher diagnostic yield
(i.e., the number of patients that receive a molecular confir-
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mation of a given clinical diagnosis). In addition, the qual-
ity of exomes have improved in the years because of better
capture strategies.

Reporting of Results

The writing of diagnostic reports is challenging, as they should
be as concise as possible but contain the essential information
in understandable wording and according to international diag-
nostic standards 1ISO15189, ACMG [77-80], CMGS [81], or
RCPA [82]. In this section, the most important issues will be
discussed. Further details about this subject can be found in the
diagnostic standards referred above and other guidelines [42,
49, 50]. In summary, a report should contain all of the essential
elements of the test performed, an interpretation, relevant refer-
ences, methodology, proposed follow-up tests if appropriate,
and disclaimers. The variants should be described using HGVS
nomenclature (see also the section “Classification of Variants™).
It is important that test characteristics (e.g., the minimal verti-
cal coverage, the average vertical coverage (per gene), the com-
plete gene list and analyzed gene parts, the data analysis
pipeline and version, and the diagnostic routing) are included
or provided in an alternative manner. In Fig. 1.3, an example
letter from a diagnostic laboratory is shown including all rele-
vant test characteristics in the Appendix. It is strongly recom-
mended to use the five class system for reporting variants (see
the section “Classification of Variants”). Class 1 and 2 variants
are generally not reported as this could lead to misinterpreta-
tion outside of the laboratory. In general, class 4 and 5 variants
are always reported. Reporting of class 3 variants depends on
the DNA test performed. Class 3 variants are reported when
targeted panels containing proven candidate genes are ana-
lyzed but often not reported when a class 3 variant is detected
in a gene of uncertain significance (GUS) [50]. Class 3 variants
have the potential to cause confusion and should therefore be
communicated to adequately trained clinicians. Most of the
time, this would be a clinical geneticist or genetic counselor. As
indicated above, not all variants will be reported to the referring
clinician, but all variants are recorded within the laboratory. In
addition, it is not essential to document all lines of evidence
obtained in a report because this can be confusing to the clini-
cian, but complete records must be stored in the laboratory.

Finding New Disease Genes

As exemplified in the coming chapters, many genes associ-
ated with various cardiovascular diseases have been identified
in the past decennia. Nevertheless, all these genes still do not
explain all known genetic cardiac disorders, and more genes
still have to be uncovered. Up to the current NGS era, in gen-
eral new genes were discovered by studying large families in
which many affected family members were available to be

genetically analyzed. In order to identify the most likely dis-
ease-associated region within a family of polymorphic mark-
ers, often dinucleotide repeats (and in some cases repeats of
three or more nucleotides) that differ in length between indi-
viduals covering the full genome were being used. By map-
ping these markers in all affected family members and
comparing with nonaffected family members, so-called link-
age analysis (or also known as haplotype-sharing analysis), it
was possible to identify a set of linked markers shared by all
affected, most likely harboring the causal mutation in this
family. Often this region still contained many possible candi-
date genes in which each had to be analyzed by Sanger
sequencing to get to the true disease gene. Of course, genes
known to be related to the heart or for which expression in
cardiac tissue was shown were the ones prioritized for this. In
case of suspected recessive-inherited disease, mostly because
of known consanguinity in the respective family, polymor-
phic markers were also mapped but limited to the affected
child (and often also the parents). In such analysis, the under-
lying genetic cause was supposed to be identical on both
alleles (homozygous), and thus, (a) region(s) with a large
number of subsequent identical markers were analyzed for
mutations. This so-called homozygosity mapping has, how-
ever, been successful in only a limited part of all inherited
cardiac disorders. When high-density SNP arrays became
available, linkage-like analyses and homozygosity mapping
were adapted to using such arrays as these had higher resolu-
tion, thereby in most cases reducing the size of the linked/
homozygous region and limiting the amount of candidate
genes to be Sanger sequenced. Another way to identify new
disease genes was by comparing the deleted (or occasionally
duplicated) regions on the same chromosomal region in a
number of patients with the same phenotype and deducing the
minimal deleted region shared. By including as many of such
patients as possible, the regions could be considerably mini-
mized to one containing only several genes. By subsequently
sequencing these putative candidate genes in another group of
patients with the same or a very comparable phenotype, but in
which no deletion of the respective region could be found, the
identification of causal point mutations in one of these genes
would pinpoint to the actual disease gene in the deleted region
of the initial patient cohort. Nowadays, NGS is generally
being employed to find new disease genes. Comparably to the
situation in previously described linkage/haplotype sharing
analyses, now several affected family members are being ana-
lyzed by WES of GWS after which the identified exome- or
genome-wide variation is being compared. In order to per-
form a proper comparison, first all variants that are rather fre-
quent in the general population (>1%) are removed from the
analysis. Only then the list of remaining variants will be short
enough to enable the detection of the shared, potentially
pathogenic variant. However, this is still not an easy task, and
predictions on pathogenicity of the different shared candidate
variants are required to identify the truly pathogenic variant.
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To: Consultant Clinical Geneticist
Date:

Letter ID:

Our reference: FFxxxxx,

Dear colleague,

Enclosed the results of the DNA-analysis you requested:

Name: A. Patient

Date of birth: .........

Gender: .........

Date application: .........

Indication(s): Confirmation of clinical diagnosis of Dilated Cardiomyopathy

Performed diagnostics: Next-generation sequence analysis of the cardiomyopathy panel (56 genes)
Diagnosed materials: 18Dxxxx (DNA from EDTA blood)

Performed diagnostics and result
Sequence analysis of the gene panel for cardiomyopathy by NGS (18D6763):
1. PLN (Chr6: NM_002667.4) c.40_42del p.(Arg14del) (class 5): heterozygous

CNV analysis of the gene panel for cardiomyopathy by NGS (18D6763):
2. No (possibly) pathogenic variant detected

Variant classification: 5 = Pathogenic; 4 = Likely pathogenic; 3 = Uncertain significance; 2 = Likely benign; 1 = Benign;
RF = Risk factor; DR = Drug response

Conclusion

Patient is heterozygous for the pathogeni cvariant c.40_42del; p.(Arg14del) in the PLN gene (class 5 variant, pathogenic). This
result confirms the clinical diagnosis of dilated cardiomyopathy in the patient.

Genetic testing of at risk family members is possible.

Explanation

The nucleotide change c.40_42del results in a deletion of three nucleotides predicting a deletion of amino acid Aginine at
position 14 (p.(Arg14del) in the PLN protein. The deleted amino acid (Arg14) is strongly conserved. In literature this
variant has been described before in DCM families (de Witt MM et al., J Am Coll Cardiol 2006;48:1396-1398; Haghighi K
et al., Proc Natl Acad Sci 2006;103:1388-93). Introduction of this mutated gene in transgenic mice results in a similar
phenotype and co-transfection in HEK-293 cells shows strong inhibition of the sarcoplasmic reticulum Ca2+-ATPase (de
Witt MM et al., J Am Coll Cardiol 2006;48:1396-1398). This variant is a well-known founder variant in the

Netherlands (van der Zwaag PA et al., Eurd Heart Fail. 2012;14(11):1199-207).

Method and quality

All coding exons of the 56 genes (45 "Dutch core genes" for cardiomyopathy plus ALPK3, CDH2, FHL2, FKRP, FLNC, HCN4,
MYLKS, PPA2, PRDM16, TNNI3K and TTN), including the 20 flanking intron nucleotides have been analyzed. The presence of
larger deletions or insertions, or mutations located outside the analyzed fragments can not be excluded.

The "core disease genes" in a diagnostic test represent the genes which are considered as essential for establishing a reliable
and accurate molecular diagnosis (see Weiss MM et al, 2013, Human Mutat, 34:1313-1321).

Machine: MiSeq

MiSeq experiment nr: ....

Chemistry: MiSeq Reagent Kit v2, 2 x 150 bp

Analysis programs: BWA-MEM(0.7.12-r1039), picard-tools 1.95, GATK3.8 HaplotypeCaller, Cartagenia v5.0.4.

Enrichment of the target regions: Nimblegen SeqCap easy choice (OID.....) version CMv18.

Minimal coverage (minimal MAPQ20 and BaseQ20): 30 reads.

Average vertical coverage (minimal MAPQ20 and BaseQ20): 787 (+372)

Sanger sequencing for regions with a coverage < 30 reads.

Sample swaps ruled out with a SNP control test.

We do not report variants occurring in > 0,3% of control alleles (NHLBI Exome Sequencing Project), silent variants without a clear effect on
splicing (as predicted by the programs in AlaMut), class 1 (certainly not pathogenic) and class 2 (unlikely pathogenic) variants.

Based on our validation experiments we determined that the sensitivity of our combined test (NextGen and Sanger

sequencing) for nucleotide substitutions and deletions, insertions and duplications up to 68 nucleotides is >99%.

CNV detection: Calculation of Depth of Coverage (DoC) per exon after performing the BWA-MEM-GATK pipeline. DoC per exon per sample are
normalized to the average normalized coverage per sample and compared to the average coverage per exon of previously analyzed samples. The
differences in normalized coverage are used to calculate Z-scores (see http://amcpipeline.readthedocs.io/nl/latest/seqcappipeline.html).

CNV analysis was possible for 98.6% of the nucleotides (specific data are available on request).

Genes with reference sequences:

1. ACTC1 (NM_005159.4), 2. ACTN2 (NM_001103.2, NM_001278343.1, NM_001278344.1), 3. ALPK3 (NM_020778.4), 4. ANKRD1 (NM_014391. 2), 5. BAG3
(NM_004281.3), 6. CALR3 (NM_145046.3), 7. CAV3 (NM_033337.2), 8. CDH2 (NM_001792.4, NM_001308176.1), 9. CRYAB (NM_001885.2), 10. CSRP3
(NM_003476.4), 11. CTNNA3 (NM_013266.3, NM_001291133.1), 12. DES (NM_001927.3), 13. DSC2 (NM_024422.4, NM_004949.4), 14. DSG2(NM_001943.4),

15. DSP (NM_004415.3), 16. EMD (STA) (NM_000117.2), 17. FHL1 (NM_001159702.2, NM_001159701.1, NM_001159699.1), 18. FHL2 (NM_201555.1),

19.FKRP (NM_024301.4), 20.FLNC (NM_001458.4), 21.GLA (NM_000169.2), 22. HCN4 (NM_005477.2), 23. JPH2 (NM_020433.4, NM_175913.3),

24. JUP (NM_021991.2), 25. LAMA4 (NM_001105206.2, NM_001105208.2), 26.LAMP2 (NM_002294.2, NM_013995.2, NM_001122606.1),

27. LDB3 (NM_007078.2, NM_001080116.1), 28. LMNA (NM_170707.3, NM_001257374.2, NM_005572.3; NM_001282624.1), 29. MIB1 (NM_020774.2),

30. MYBPC3 (NM_000256.3), 31. MYH6 (NM_002471.3), 32. MYH7 (NM_000257.3), 33. MYL2 (NM_000432.3), 34. MYLK3 (NM_182493.2), 35. MYL3 (NM_000258.2),
36. MYOZ2 (NM_016599.4), 37. MYPN (NM_032578.2, NM_001256268.1), 38. NEXN (NM_144573.3), 39. PKP2 (NM_004572.3), 40. PLN (NM_002667.3),

41. PPA2 (NM_176869.2), 42. PRDM16 (NM_022114.3), 43. PRKAG2 (NM_016203.3, NM_001304527.1), 44. RBM20 (NM_001134363.1), 45. SCN5A (NM_198056.2),
46. TAZ (NM_000116.3, NM_001303465.1), 47. TCAP (NM_003673.3), 48. TMEM43 (NM_024334.2), 49. TNNC1 (NM_003280.2), 50. TNNI3 (NM_000363.4),

51. TNNI3K (NM_015978.2), 52. TNNT2 (NM_000364.2,

Fig. 1.3 Example letter including quality issues sent to a referring clinical geneticist that request targeted NGS analysis for dilated
cardiomyopathy
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NM_001001430.2), 53. TPM1 (NM_000366.5, NM_001018005.1, NM_001018020.1, NM_001301289.1), 54. TTN (N2-B (NM_003319.4; all coding exons), N2A
(NM_133378.4; all coding exons), Novex-3 (NM_133379.3; all coding exons), Novex-1 (NM_133432.3; all coding exons), Novex-2 (NM_133437.3; all coding exons),
transcript variant IC (NM_001267550.1; 335 of the 362 coding exons were analyzed)), 55. TTR (NM_000371.3), 56. VCL (NM_014000.2).

Yours sincerely,

laboratory specialist in clinical genetics

This report is signed electronically

laboratory specialist in clinical genetics

The Genome Diagnostics laboratory ... is EN-ISO15189:2012 accredited (.... Accreditation Council, M<accreditation number>);
Nomenclature according to http://www.hgvs.org/mutnomen/. Our conclusions are based on the assumption that the tubes were
correctly labelled and that the information provided in the pedigree is correct. We accept no responsibility for errors involving

incorrect interpretation and/or translation of our letters.

Fig. 1.3 (continued)

Combining this with an additional linkage-like approach will
facilitate the search for the causal mutation, as the variation in
the shared region or regions identified by the linkage method
can then be prioritized. The same of course accounts to homo-
zygosity mapping in combination with NGS and subsequent
hunting for deleterious mutations in the homozygous region of
patients supposedly affected with a recessive-inherited dis-
ease. Moreover, performing NGS in a cohort of patients with
the same phenotype, but no deletion/duplication detected via
array-based approaches, and then zooming in on regions that
have been shown to be deleted in a comparable patient cohort
could also result in identifying nucleotide mutations in such
patients. Of course, the above-described methods can also be
exploited to identify causal genes in patients that show the
same phenotype and come from the same geographic region,
but are not known to be related, with the underlying idea that
they might share a founder mutation (and thus in the end are
related). This could be done by using NGS data only but will
probably be more successful in combination with a haplotype-
sharing approach. Finally, in case of very rare diseases, the
comparison of NGS data of several certainly not related
patients (often even originating from different ethnic back-
grounds) is being used to find new disease genes, however in
that case with the assumption that these patients do not share
the same mutation, but different drastic mutations, in the same
gene. It is important to realize with respect to this type of anal-
yses that not all patients included in such efforts necessarily
share only one disease gene, and extensive computational
work is needed to get to the once that do.

Clinical Genetic Diagnostics

In the last decades, clinical genetic testing has become
increasingly incorporated in the clinical care for patients and
their families with inherited cardiac diseases, and genetic
analyses often considerably contribute to the diagnostic
workup for these patients. With the recent developments in
WGS possibilities, clinical genetic diagnostics may even
develop toward “genotype-first” approaches, meaning that

patients suspected of having a genetic cardiac disease will
first undergo genetic screening, preferably by performing
WGS, to identify putative pathogenic mutations in cardiac-
related genes, before other diagnostic testing will be per-
formed. It can be expected that WGS will be performed
rapidly enough in the near future that waiting for the result to
guide further diagnostics and prevent unnecessary examina-
tions, treatments, and interventions may become general
practice. In this respect, rapid WGS was already used to
reach genetic diagnoses within several days, including that
of long QT syndrome ([83], Priest et al. [84]). Moreover,
with the continuing aggregation of large amounts of exome
and genome sequencing data and concomitant developments
in interpreting the data, personalized genetic medicine will
become a reality soon as well. However, these methods are
not yet within reach for every individual and will thus only
be applied in particular cases, and more targeted approaches
are currently daily practice and will therefore be discussed in
more detail below. In the past, when only individual genes
were screened sequentially, genetic screening was mostly
terminated as soon as a likely pathogenic or pathogenic
mutation was identified, precluding the identification of a
second mutation of which it is known that these may explain
the clinical phenotype in ~5-10% of cases. The early appli-
cation of targeted NGS approaches within the field of cardio-
genetics relates to the fact that many candidate genes were
already known to be involved in different cardiac diseases
but were certainly also endorsed because of the extensive
genetic heterogeneity within as well as the genetic overlap
between these disorders. Although the latter would support
the screening of all known cardiac-related genes within one
experiment in every cardiac patient, most laboratories started
with developing gene-panel approaches targeting genes
involved in a specific disease or disease type and which gene
panel used was guided by the clinical diagnosis/suspicion.
This had to do with the labs being unfamiliar with both the
technique and the putative outcome of genes irregularly
screened. The costs involved in using larger panels would
increase because of more materials and equipment being
used but also due to more (bioinformatical) processing time
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required. Currently, genome diagnostic labs do offer targeted
NGS analyses for most diseases, among which cardiac dis-
eases. The number of genes targeted may differ from one
gene (e.g., the screening of largest known human gene TTN,
in which truncating mutations explain that between 15% and
25% of inherited DCM cases is being offered as a standalone
NGS test in a number of laboratories) up to several hundreds.
Unfortunately, the exact content of these gene panels differs
between labs. It is therefore of major importance that spe-
cialists worldwide continuously interact and reach a consen-
sus on which genes would be mandatory to be included in
disease-specific panels. Of note, the exact content may of
course be influenced by regional differences. In this respect,
all Dutch genome diagnostic laboratories proposed that labs
should agree on and use a list of “core disease genes” for
every genetic disease that should be included in a diagnostic
test to establish a reliable and molecular diagnosis [50].
Therefore, the five labs in the Netherlands that provide car-
diogenetic NGS tests decided on a core list of 45 cardiomy-
opathy genes that are included in their gene panels, despite
differences in the remainder of the content of their gene pan-
els. It is important to realize, however, that some labs may
offer NGS applications targeting only a relatively small sub-
set of genes associated with a specific disease type, while
these may be included in larger panels in other genetic test-
ing facilities. On the other hand, often also the possibility is
offered to sequence a larger gene panel but subsequently fil-
ter bioinformatically for a subpanel that is related to the spe-
cific disorder. The advantage of this approach is that this
provides the possibility to again analyze the data using other
or no filtering when the disease-specific filter failed to iden-
tify causal mutations. Importantly, in addition to proposing
the use of core disease gene lists, the Dutch genome diagnos-
tic labs in the same manuscript published general best prac-
tice guidelines for the use of NGS applications in clinical
settings to ensure high-quality diagnostics. Likewise, this
was, for example, done by the ACMG [79] and EuroGentest
and the European Society of Human Genetics [69]. The rea-
son to initially offer NGS application in which disease-
associated genes were specifically enriched and,
subsequently, sequenced was due to insufficient sequencing
quality and coverage in WES data. However, due to signifi-
cant improvements in both vertical and horizontal coverage
of, in particular, disease-associated genes in recently intro-
duced WES applications, a substantial number of clinical
genetic testing laboratories are now moving toward diagnos-
tic WES with subsequent in silico filtering for disease-
specific genes. Comparable to the possibility mentioned
above to analyze subpanels within enriched larger gene pan-
els and subsequently apply other filtering or “open” the gene
panel, the same can be done with WES data, without being
limited to the enriched genes. Moreover, this also enables
“opening the exome,” including the sequences of genes not

(yet) related to the disease and by allowing the hunt for new
disease genes. In spite of the already mentioned improve-
ments in WES, WGS would still be the most preferred
method, as this will provide more evenly distributed cover-
age and shorter sequencing time. Since this approach is
becoming cheaper, WGS will most likely be the most pre-
ferred option for the near future, and several studies have
proven its added value in clinical practice [83-85]. One of
the advantages of the more evenly distributed sequencing
data coming from WGS is that it is well suitable for quantita-
tive analyses, in order to identify deletions and duplications
[85, 86], as the normalization of data to enable the identifica-
tion of aberrations in coverage indicating such deletions/
duplications is easier than with WES or disease panel-
specific enrichment approaches. Nevertheless, computa-
tional methods to perform this in the latter NGS data have
been developed and have found their way into clinical diag-
nostics recently as well [87, 88]. Although these methods do
not yet assure detection of all deletions/duplications, it may
provide more information than previously used tests like
MLPA and Q-PCR or array-based approaches, as they either
focus on a limited set of genes only or have limitations in
detecting smaller deletions, respectively. Nevertheless, cur-
rently, these techniques are often still used in addition to
NGS applications, certainly when these types of mutations in
specific genes can be expected, for example, using the
respective MLPA when deletions in the LMNA gene are to be
suspected in patients with cardiomyopathy and conduction
disease. In addition to the use of these methods in parallel
with NGS, other “old- fashioned” techniques are still being
used in clinical genetic diagnostics. Sanger sequencing is
still the preferred method to perform predictive testing in
family members at risk after NGS has identified the disease-
causing mutation in the respective index patient. Moreover,
in numerous cases, it is still more cost-effective to first per-
form Sanger sequencing of the most prevalent gene or some-
times the only gene yet known to be involved in that disease
before using a gene panel, WES or WGS. However, as the
logistics of near-future genome diagnostic labs will almost
fully be focused on NGS applications, one may anticipate
that even those rare cases will all be screened by NGS first
followed by targeting the respective gene(s) in silico. As long
as WGS is not routinely introduced, in addition to applying
the current NGS methodologies, several cytogenetic tech-
niques, like karyotyping, FISH analyses, and array-CGH, are
still widely used within the field of CHDs, syndromal car-
diac diseases, or multiple congenital anomalies/mental retar-
dation (MCA/MR) syndromes including cardiac
abnormalities. Finally, the introduction of other techniques
or approaches like the TLA technology to detect disease-
causing mutations outside coding of near-coding sequences
or the use of RNA sequencing instead of DNA sequencing
will be implemented in diagnostics in the near future as well.
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Introduction

With the rapid advances in genetic knowledge, more specifi-
cally genetic knowledge of human disease, many physicians
will not find the time to keep up with the pace. Even though
new generations of doctors are much better trained, both in
genetics and in quickly acquiring adequate information from
(Internet) databases, cooperation between ‘“organ special-
ists” and “genetic specialists” seems to be the best option for
the near future. Importantly, many genetic diseases are rela-
tively rare, so that individual specialists will only encounter
patients with a specific genetic disease on an occasional
basis. This makes it difficult for them to obtain sufficient
experience in providing adequate genetic information, in
addressing the genetic questions of both patients and their
families, and eventually in interpreting the often complex
genetic test results.

Genetics has become increasingly important to the field
of cardiology [1, 2]. There is increasing awareness that some
cardiac disorders occur in families and that important genetic
factors play a role in disease causation. This holds true not
only for monogenic disorders such as hypertrophic cardio-
myopathy, congenital long QT syndromes, and catechol-
aminergic polymorphic ventricular tachycardia but also for
more common complex disorders such as coronary artery
disease, hypertension, and diabetes. In the latter group of
disorders, many different additive genetic and environmental
contributions, each of relatively small effect size, are hypoth-
esized to be disease-causing. Important progress has been

J. J. van der Smagt (><)
University Medical Centre Utrecht, Utrecht, The Netherlands
e-mail: j.j.vandersmagt @umcutrecht.nl

J. Ingles
Agnes Ginges Centre for Molecular Cardiology,
Centenary Institute, Sydney, NSW, Australia

Sydney Medical School, University of Sydney,
Sydney, NSW, Australia

Department of Cardiology, Royal Prince Alfred Hospital,
Sydney, NSW, Australia

© Springer Nature Switzerland AG 2020

made in understanding the molecular background predispos-
ing to different types of cardiac disease.

Meanwhile, in clinical genetic practice, focus has shifted
from primarily reproductive issues (parents wanting to know
the risk of recurrence after the birth of a child with a mental
handicap or serious congenital abnormality, e.g., a congeni-
tal heart defect) to include the assessment of risk of genetic
disease, occurring later in life, in individuals with a positive
family history. This started in neurology with individuals at
risk for mostly untreatable neurodegenerative disease, like
Huntington’s chorea, wanting to know their genetic status in
order to make future plans. Subsequently genetic diagnosis
entered the field of oncology, where it has become an increas-
ingly important tool in identifying individuals at high risk of
getting cancer. Of course, in the field of oncology, genetic
testing has important medical implications, as individuals at
risk may opt for increased cancer surveillance and preventive
treatment strategies—may be devised, based on genetic
information.

Cardiology is another discipline of medicine where large-
scale so-called presymptomatic testing of healthy at-risk
individuals has become available for some of the primary
electrical heart diseases and cardiomyopathies. In particular,
following the sudden cardiac death of a young person, post-
mortem genetic testing (i.e., extraction of DNA from post-
mortem frozen blood or tissue sections for genetic analysis)
can play an important role in clarifying the cause of death
and risk to family members. Although for most disease enti-
ties, family studies have not yet actually been proven to be
beneficial, identifying those individuals at risk seems a logi-
cal first step in the development of preventive strategies.
However, genetics of cardiac disease is complicated, for
example, by genetic heterogeneity (many different genetic
causes result in clinically identical disease) and the fact that
test results may be difficult to interpret. Cooperation between
cardiologists and clinical geneticists is, therefore, of great
importance.
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In this chapter, basic concepts in genetics and important
issues that have to be considered in case of genetic testing
are discussed.

The Clinical Genetic Intake

For those cardiologists involved in caring for families with
cardiogenetic disorders, it is important to gain some experi-
ence in constructing pedigrees and recording family
histories.

Family History

History taking will be more time-consuming than usual as,
besides the regular cardiac anamnesis, detailed information
on several family members has to be obtained [3]. Usually,
information on three (sometimes four) generations is consid-
ered sufficient. Whenever possible, information should be
collected on first-degree relatives (parents, siblings, and chil-
dren), second-degree relatives (grandparents, uncles/aunts,
and nephews/nieces), and third-degree relatives (first cous-
ins). On average, they share 50%, 25%, and 12.5% of their
DNA with the index patient. Information on past generations
may be sparse or even misleading as many conditions could
not be correctly diagnosed in the past, whereas in contrast,
younger generations will be less informative as they may not
have lived long enough yet for disease symptoms to become
manifest. Therefore, information on more distant relatives,
like first cousins, from the same generation as the index
patient may prove essential.

The reliability of the information obtained through family
history taking will vary from case to case. In general, accu-
racy decreases with the decreasing degree of relationship. As
a general rule, it is wise to confirm important information by
checking medical records, whenever possible. If this involves
family members, their written consent to retrieve these
records will be required.

While taking a family history, it is important to be as spe-
cific as possible. People may leave out vital information
when they do not think that it is important. Possible cardiac
events should be specifically asked for, and approximate
ages at which they occurred should be recorded. Of course,
also the circumstances in which the event took place have to
be noted. Depending on the nature of the condition under
investigation, it may be necessary to ask for specific events,
like diving or swimming accidents in case of suspected long
QT syndrome type 1. It is useful to keep in mind that syn-
cope resulting from arrhythmias may in the past have been
diagnosed as seizures or epilepsy and that sudden death of an
infant could have been documented as a sudden infant death
syndrome (SIDS). General questions about the entire family
can be asked to elicit any additional information, such as
“are there any other family members who have the same

heart condition as yourself?” and “are there any individuals
who have died suddenly or at a young age?”

If family members are under cardiac surveillance else-
where, it is prudent to record this, and if individuals are
deceased as a result of a possible cardiac event, always
inquire whether autopsy has been performed. Information on
consanguinity is often not readily volunteered and should be
specifically asked for. Depending on the nature of the disor-
der under investigation, it may also be important to inquire
about medical conditions not specifically involving the heart.
For example, when investigating a family with possible auto-
somal dominant dilated cardiomyopathy, it would be prudent
to also ask for signs of skeletal muscle disease in family
members.

Pedigree Construction

Drawing a pedigree is a helpful tool in assessing any familial
disorder. Presenting family history information in a pedigree
allows to quickly visualize family structure and assess the
possible inheritance patterns [4, 5]. In addition, a drawn ped-
igree will make it more easy to see which, and how many,
family members are at risk for cardiac disease and who
should be contacted. The symbols commonly used for pedi-
gree construction are represented in Fig. 2.1.

Nowadays, different software packages exist for pedigree
construction. These packages have the advantage that it is
easier to update pedigrees and that pedigrees can be more
easily added to other digital medical files. Frequently, the
software also offers options that are valuable for genetic
research.

However, the great advantage of pen and paper is that the
pedigree can be constructed while taking the family history,
thus ensuring that no important family members are
overlooked.

A few tips and tricks (see Fig. 2.2):

e Start drawing your pedigree on a separate sheet of paper.
Start with your index patient in the middle of the paper
and go from there.

e Add a date to your pedigree.

e Numbering: by convention, generations are denoted by a
Roman numeral, whereas individuals within a generation
are identified by an Arabic numeral. In this way each indi-
vidual can be identified unambiguously by combining the
two numbers (II-3, III-1, etc.). Additional information on
a specific individual can be added in a footnote referring
to this identification number.

e The most important clinical information can be directly
added to the pedigree (see Fig. 2.2).

e Record approximate dates (e.g., birth year or 5-year inter-
val), not ages. Add age at time of death.
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Fig. 2.1 Symbols used to
denote individuals in a
pedigree

Fig. 2.2 Example of a small
pedigree like one could draw
up while taking a family
history, during consultation of
a family suspected of long QT
syndrome type 1. Footnotes
with this pedigree could be
the following: III-1 index
patient (October 27, 2000),
syncope while playing soccer,
spontaneous recovery, QTc
0.48 s, repolarization pattern
compatible with LQT type I;
I-1, no medical information,
died in unilateral car accident
at age 32; II-1 (March 02,
1975), no symptoms, QTc
0.49 s; 1I-2 (May 10, 1977),
known with seizures as a
child; 11-4 (June 13, 1979),
said to have fainted during
exercise on more than one
occasion. ITI-4, sudden death
while swimming at age

12 years. No other persons
known with seizures,
syncope, or sudden death in
the family
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Male/female unaffected
Sex unknown unaffected
Male/female affected

Deceased

Marriage

Consanguineous marriage

Heterozygous carrier autosomal recessive disease

x-linked female carrier

Affected by hearsay

Arrow indicates proband through whom family has been ascertained

Grey symbol may be used to denote individual with borderline phenotype upon examination
Clear symbol with N denotes individual with normal phenotype after cardiac examination

Clear symbol with arrow denotes as yet healthy individual seeking genetic advice

1 2 3 4
QTc 0,49s
1 2 3 4 5 6
QTc 0,48s

e Especially in case of a suspected autosomal recessive dis- ¢ For counseling reasons, add information on both sides of

order, names and places of birth of all grandparents of the
index patient should be recorded (usually in a footnote).

the family. Unexpected additional pathology may be of
importance to your patient and his or her offspring.

Consanguinity is unlikely when paternal and maternal
grandparents come from very different areas and may be

more common in certain ethnic groups. If birthdates are

Basic Concepts in Inherited Disease

also available, this could facilitate genealogical studies in

search of consanguinity.

e Levels of evidence: for individuals that are probably
affected based on heteroanamnestic information, but
whose medical records have not yet been checked, the
symbol “affected by hearsay” (see Fig. 2.1) can be used.

A single copy of the human genome contains over 3 billion
base pairs and is estimated to contain 20,000-25,000 protein
coding genes [4]. Genes are transcribed into messenger RNA
in the nucleus. Subsequently, the noncoding parts of genes
(introns) are spliced out to form the mature messenger RNA,
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Fig. 2.3 Normal female karyogram (46, XX): the way the chromosomes are shown, when DNA is visualized through a light microscope

which is in turn translated into protein in the cytosol. Proteins
consist of chains of amino acids. Each amino acid is coded by
one or more combinations of three nucleotides in the DNA.

Less than 3% of DNA is protein coding. The remainder
codes for RNA genes, contains regulatory sequences, or con-
sists of DNA of undetermined function, sometimes mislead-
ingly referred to as “junk DNA.”

DNA is stored on 23 chromosome pairs (Fig. 2.3), present
in the nucleus of each cell: 22 pairs of autosomes and 1 pair
of sex chromosomes. During gametogenesis (the production
of oocytes and sperm cells), meiosis takes place ensuring
that only one copy of each pair is transmitted to the offspring.
Since chromosomes are present in pairs, humans are diploid
organisms. They have two complete copies of DNA, in which
one copy is contributed by the father and one by the mother.
Therefore, each gene at each locus is present in two copies.
These are usually referred to as the two alleles of that spe-
cific gene.

The exception to this rule are the sex chromosomes, as
males have only one X-chromosome and one Y-chromosome,
the first being inherited from the mother while the latter

from the father. Thus, males have only a single copy of most
X-linked genes. In addition to the nuclear DNA, small cir-
cular DNA molecules are present in the mitochondria in the
cytoplasm. Many copies of this mtDNA will be present per
cell. The mtDNA is exclusively inherited from the mother.
Oocytes may contain up to 100,000 copies of
mtDNA. MtDNA only codes for 37 genes, all involved in
mitochondrial function.

Mitosis and Meiosis

Two types of cell divisions exist: mitosis and meiosis. Mitosis
ensures the equal distribution of the 46 chromosomes over
both daughter cells. In order to accomplish this, first the DNA
on each chromosome has to be replicated. At cell division,
each chromosome consists of two identical DNA chromatids
(sister chromatids), held together at a single spot: the centro-
mere. To ensure orderly division, the DNA in the chromo-
some has to be neatly packaged (a process called
condensation). This is when chromosomes actually become
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visible through a microscope. Prior to cell division, a bipolar
mitotic spindle develops, the completely condensed chromo-
somes move to the equator of the cell, the nuclear membrane
dissolves, and microtubular structures develop reaching from
both poles of the spindle to the centromere of each chromo-
some. Subsequently, the centromeres divide, and the sister
chromatids are pulled to opposite poles of the dividing cell.
Cell division results in 2 daughter cells, each with 46 unrepli-
cated chromosomes and exactly the same nuclear genetic
information as the original cell (Fig. 2.4).

Meiosis is a specialized cell division that is necessary to
finish the process of gametogenesis. The goal is to produce
gametes that contain only 23 unreplicated chromosomes.
The vital steps of meiosis are outlined in Fig. 2.5. One of the
hallmarks of meiosis is that both replicated chromosomes of
each pair come in close apposition to each other and actually
exchange genetic material before meiosis takes place. This

Fig. 2.4 Different stages of
mitosis, leading to two
daughter cells with exactly
the same nuclear DNA
content. (Reprinted with
permission Jorde, Carey,
Bamshad, White, Medical
Genetics third edition, Mosby
Elsevier 2006)

more or less random process is called homologous recombi-
nation. Recombination ensures that each individual is able to
produce an infinite number of genetically different offspring.
Apart from ensuring genetic diversity, recombination is also
necessary for proper segregation of the homologous
chromosomes during meiosis 1. During male meiosis, the X
and Y are able to function as a chromosome pair, thus ensur-
ing proper segregation of sex chromosomes. They can
recombine at the tip of their short arms.

Chromosomal Abnormalities

Mutations may affect single genes, but also the genomic archi-
tecture at a larger scale can be affected. Such aberrations,
when visible through a microscope, are called chromosomal
abnormalities. Humans have 22 pairs of autosomes and 1 pair
of sex chromosomes. Abnormalities can be divided in numeri-
cal (any deviation from 46 chromosomes) and structural

Centrioles

(metaphase plate)
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primary gamete after DNA replication, containing 46
replicated chromosomes, homologous
recombination takes place.

first meiotic division

2nd
meiotic
division

mature gamete each containing 23
unreplicated chromosomes

mature gametes
containing 24
unreplicated

A chromosomes

Fig.2.5 Meiosis: (a) demonstrates the normal stages of meiosis (after divi-
sion, 1 cell contains 23 replicated chromosomes—22 autosomes and 1 sex
chromosome). (b) Demonstrates nondisjunction in meiosis 1 (the most fre-
quent cause of, for instance, Down syndrome). (¢) Demonstrates nondis-

defects (abnormal chromosomes). A whole set of 23 extra
chromosomes is called triploidy. It results from fertilization or
meiotic error. Children with triploidy die before or immedi-
ately after birth. A single extra chromosome is called a tri-
somy. They most often result from meiotic error. Only three
autosomal trisomies are potentially viable: trisomy 21 (Down
syndrome), trisomy 18, and trisomy 13. All three have a high
chance of being associated with congenital heart defects.

In structural chromosome abnormalities, a distinction is
made between balanced and unbalanced defects. In balanced
defects, chromosome parts are displaced but there is no visible
extra or missing chromosome material. Balanced rearrange-
ments are most often not associated with an abnormal pheno-
type, but they may predispose to unbalanced offspring.
Unbalanced chromosome abnormalities have a very high risk
of being associated with mental retardation and birth defects.
As heart development is a very complex process, probably
involving hundreds of genes, chances are that this process will
be disturbed in one way or another in case of a visible chromo-
somal abnormality. Indeed, heart defects are very frequent in
children with structural chromosomal abnormalities.

~€

first meiotic division

2nd
meiotic
division

|

b c

first meiotic division

2nd
meiotic
division
mature gametes 22 24 22 24
containing 22
unreplicated
chromosomes c

junction in meiosis 2. Appreciate the effect of recombination in the mature
gamete; in this way each grandparent contributes to both copies of each
autosome of his/her grandchild (b). (Adapted from Langman Inleiding tot
de embryologie Bohn Scheltema & Holkema 9° herziene druk 1982)

Smaller abnormalities are not readily visible through the
microscope and will be missed unless specific techniques are
applied to detect them. Still, so-called microdeletions may
contain a large number of genes and are often associated with
heart defects. Examples of microdeletion syndromes associ-
ated with heart defects are the 22q11.2 (velo—cardio—facial/
DiGeorge) deletion syndrome, Williams—Beuren syndrome,
1p36 deletion syndrome, and Wolf-Hirschhorn syndrome.

As a general rule, regardless whether a visible chromo-
some abnormality or a microdeletion is involved, the result-
ing heart defect will usually not occur as an isolated feature.
Often associated birth defects, developmental delay, and/or
abnormal growth will be present. Therefore, it is in this cate-
gory of heart defect patients with additional anomalies that a
chromosome abnormality has to be considered. Nowadays
classical karyotyping (looking at chromosomes through a
microscope) is most often replaced by SNP arrays (with a
much higher resolution) that are able to detect copy number
of hundred thousands of single SNPs across the genome.
Therefore, microdeletions and microduplications will be eas-
ily detected, without ordering any specific test to detect them.
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In contrast to mutation analysis, chromosome analysis by
classical karyotyping requires dividing cells for the chromo-
somes to become visible through a microscope. Usually,
white blood cells or cultured fibroblasts are used for chromo-
some analysis.

Inheritance Patterns
A genetic component plays a role in many diseases. Usually
the genetic contribution to disease is appreciated when either
a clear pattern of inheritance or significant familial clustering
of a disease is noted [5].

Classical genetic disease follows a recognizable
Mendelian inheritance pattern. These disorders are called
monogenic disorders as a mutation at a single locus conveys
a very strong risk of getting the disease. Sometimes, indeed
everybody with a specific mutation develops the disease (this
is called complete penetrance). In that case, the influence of
environmental factors or contributions at other genetic loci
seems negligible. In practice, however, most monogenic dis-
eases display considerable variation in disease manifesta-
tion, severity, and age at onset (clinical variability), even
within a single family (where every affected person has the
same mutation). Especially in autosomal dominant disease,
the chance of developing clinical manifestations of disease
when a specific pathogenic mutation is present is often far
less than 100% (incomplete or reduced penetrance).
However, such clinically unaffected mutation carriers may
foster severely affected children when they transmit the
mutation to their offspring. So, even in so-called monogenic
diseases, many other genetic and nongenetic factors can usu-
ally modify clinical outcome.

Whereas monogenic diseases are often relatively rare,
there is a clear genetic contribution to many common disor-
ders such as coronary artery disease, hypertension, and
hypercholesterolemia. In the vast majority of patients, these
diseases are explained by the combined additive effect of
unfavorable genetic variants at multiple different loci and
environmental factors (anything nongenetic), eventually
causing disease. Polygenic disease, multifactorial disease,
and complex genetic disease are all terms used to denote
this category of diseases. When looking at pedigrees, appar-
ently nonrandom clustering within the family can often be
noted, however, without a clear Mendelian inheritance pat-
tern. Very common complex disorders may mimic autoso-
mal dominant disease, whereas in less common disorders
like congenital heart defects, a genetic contribution is very
likely although the majority of cases will present as spo-
radic cases without a positive family history. Importantly,
frequent complex genetic diseases may have less common
monogenic subtypes like FH (familial hypercholesterol-
emia) as a result of mutations in the LDL receptor or
MODY (maturity-onset diabetes in the young) that are
examples of monogenic subtypes of diseases that most
often have a complex etiology.

Single-Gene Disorders: Mendelian Inheritance

In single-gene disorders, inheritance patterns can be
explained in terms of Mendelian inheritance. Of importance
in the first place is whether the causative gene is on one of
the autosomes or on one of the sex chromosomes, more spe-
cifically on the X-chromosome (the Y-chromosome contains
very few disease-related genes and will not be discussed
further).

The second distinction to be made is whether mutations in
the gene follow a dominant or recessive mode of
inheritance.

Autosomal Dominant Inheritance

Autosomal dominant disease is caused by dominant muta-
tions on one of the autosomes. Dominant mutations already
cause disease when only one of both alleles is mutated. Most
individuals with dominant disease are heterozygous for the
mutation (they have one mutated and one normal allele).
Heterozygous carriers of such a mutation have a high risk of
clinically expressing disease symptoms. It is the most com-
mon form of inheritance in monogenic cardiac disease. It is
characterized by (see Fig. 2.6):

e Equal chance of males and females being affected.

e Individuals in more than one generation are usually
affected (unless a new mutation has occurred).

* Father-to-son transmission can occur.

e On average 50% of offspring will be affected (assuming
complete penetrance).

1 2 3 4 5 6 7

Fig. 2.6 Example of a small autosomal dominant pedigree; the
observed male-to-male transmission (II-1 > III-1) excludes X-linked
dominant inheritance. If we assume this disorder has full penetrance, a
de novo mutation must have occurred in II-1
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Fig. 2.7 Example of a
hypertrophic cardiomyopathy
(HCM) pedigree showing
autosomal dominant
inheritance. The proband was
a 15-year-old boy who
suffered a sudden cardiac

Iy %

death (SCD); as a result, other
family members were

identified on family screening
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Although this inheritance pattern is rather straightfor-
ward, in practice precise predictions are often complicated
by issues of penetrance and variable expression (see para-
graph on penetrance and variable expressivity).

An example in cardiogenetics is hypertrophic cardio-
myopathy, and a typical pedigree demonstrating autoso-
mal dominant inheritance is shown below. The vast
majority of monogenic—cardiogenetic diseases are inher-
ited in an autosomal dominant fashion, including the
inherited cardiomyopathies and many arrhythmia syn-
dromes (Fig. 2.7).

Autosomal Recessive Inheritance
In recessive inheritance, disease occurs only when both
alleles of the same gene are affected.

Affected patients carry mutations on both the paternal
and maternal allele of a disease gene. New mutations are
rarely encountered. Therefore, it is reasonable to assume
that both healthy parents are heterozygous carriers of one
mutation. These healthy individuals are often called “carri-
ers.” It is reasonable to assume that each person is carrier of
one or more disease-associated autosomal recessive
mutations.

Affected patients can be homozygous (the same muta-
tion on both alleles of the gene) or compound heterozy-
gous (different mutations on the two alleles of the gene)
for the mutation. If consanguinity is involved, a single
mutation that was present in the common ancestor is
transmitted to the patient by both parents, leading to the
homozygous state.
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Fig. 2.8 Example of an autosomal recessive pedigree, illustrating the
role of consanguinity in AR disease. III-5 and III-6 are first cousins.
IV-1 and IV-2 inherited both their mutated alleles from a single hetero-
zygous grandparent (in this case, I-1). In this pedigree, heterozygous
carriers are indicated; usually heterozygous carriers for AR disorders
can only be unambiguously identified by DNA analysis

In most cases, but not always, autosomal recessive condi-
tions are limited to a single sibship (see Fig. 2.8). If vertical
transmission of an autosomal recessive disease occurs, this is
called “pseudodominance.” Pseudodominance can be
encountered in case of consanguinity in multiple generations
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or in case of a very high population frequency of healthy
heterozygous carriers. Autosomal recessive inheritance is
characterized by:

e Equal chance of males and females to be affected.

e Parents of patients are usually healthy carriers.

¢ The chance that the next child (a sib) will be affected is
25%.

e Affected individuals are usually limited to a single
sibship.

e The presence of consanguinity in the parents favors, but
does not prove, the autosomal recessive inheritance mode.

While autosomal recessive inheritance is rare among car-
diogenetic diseases, there are reports including this family
shown below (Fig. 2.9).

X-Linked Recessive Inheritance

X-linked disorders are caused by mutations on the
X-chromosome. The X-chromosome does not contain
“female-specific”  genes. As females have two
X-chromosomes and males only one, in X-linked disorders,
usually, a difference in disease expression will be noted
between males and females.

In X-linked recessive inheritance (see Fig. 2.10):

Fig. 2.9 Example of a
recessively inherited form of
hypertrophic cardiomyopathy
(TNNI3 Argl62Trp). This
family presented after the
symptomatic presentation of
1V:2 who subsequently
required cardiac
transplantation due to a severe
restrictive phenotype. Her
brother (IV:3) suffered a

while awaiting cardiac
investigation. Both parents
and siblings were
heterozygous carriers and
showed no clinical evidence

e No male-to-male transmission occurs.

e Heterozygous females are usually healthy.

e All daughters of affected males will be usually healthy
carriers.

e Sons of carrier women have a 50% chance of being
affected.

* Daughters of carrier women have a 50% chance of being
a healthy carrier.

It should be noted that in female somatic cells, only one
X-chromosome is active. The other X-chromosome is inacti-
vated. This process of X-inactivation (called Lyonization) is
random, occurs early in embryogenesis, and remains fixed,
so that daughter cells will have the same X-chromosome
inactivated as the cell they were derived from. Usually, in a
given female tissue, approximately half of the cells will
express the paternal X-chromosome and the other half of the
cells, the maternal X-chromosome. However, for a variety of
reasons, significant deviations of this equal distribution of
active X-chromosomes may occur (called skewing of
X-inactivation). Naturally, this may influence disease expres-
sion in case of X-linked disease. For example, if the
X-chromosome containing an X-linked recessive mutation is
expressed in over 90% of cells in a given tissue, disease may
develop in a female like it does in males.
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Fig.2.10 Example of an
X-linked recessive disorder;
the disease is transmitted via

([ ]
apparently healthy I
heterozygous females; only
hemizygous males manifest 1 2
the disease. All daughters of
an affected male will be
carriers. Carrier females are

indicated with dots within
circles, and usually DNA
analysis will be required to
unambiguously identify
carrier females

X-Linked Dominant Inheritance

In X-linked dominant disorders, heterozygous females are
most likely to be affected. However, on average these hetero-
zygous females are often less severely affected than hemizy-
gous males. Exceptions, however, do exist.

Some X-linked dominant disorders may be lethal in hemi-
zygous males like the oculo—facio—cardio—dental syndrome
that is associated with congenital heart defects. Hemizygous
males will miscarry, leading to a reduced chance of male off-
spring in affected females.

The characteristics of X-linked dominant inheritance are
(see Fig. 2.11):

* No male-to-male transmission occurs.

* Heterozygous females are affected.

e All daughters of an affected male will also be affected.

e Affected females have a 50% chance of having affected
children.

Especially in X-linked disorders, the distinction between
dominant and recessive disease may be blurred, with some
heterozygous females not being affected at all, while others
are affected to the same degree as hemizygous men. In car-
diogenetics, several X-linked disorders are known where
heterozygous females may be asymptomatic but also run a
high risk of significant disease, like in Fabry disease. In
Duchenne muscular dystrophy, considered to be an X-linked
recessive disorder, females only very rarely develop severe
skeletal muscle weakness, but they are at considerable risk
for dilatation of the left ventricle and should be monitored by
a cardiologist (Fig. 2.12).

-
n
w
N
[¢,]

Fig. 2.11 Example pedigree of an X-linked dominant disorder with
early lethality in males. Affected males that are conceived will miscarry
(leading to skewed sex ratios in offspring). The black dots in the pedi-

gree represent miscarriages. Based on such a limited pedigree, definite
distinction from autosomal dominant inheritance would be impossible

Non-Mendelian Inheritance

In fact, any deviation from the classical rules of Mendel
could be categorized under the heading of non-Mendelian
inheritance. Such deviations can, for example, result from
genome disorders (de novo deletions or duplications of larger
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Fig. 2.12 Example of an X-linked dominantly inherited condition,
Danon disease. This is a rare disease caused by mutations in the LAMP2
gene and is a known HCM phenocopy (i.e., causing clinical character-
istics similar to HCM). In this family, the proband (III:1) presented with
severe concentric left ventricular hypertrophy aged 12 years. His
mother (II:2) was found to be a carrier of the causative loss of function
variant in LAMP2 though had no clinical evidence of disease herself.
Other family members have not been assessed. Female carriers of
LAMP?2 mutations can be affected, though often less severely than
males

12 13

stretches of DNA or even whole chromosomes), epigenetic
factors (these are factors not changing the actual DNA code
but change the way in which specific genes are expressed),
and unstable mutations (trinucleotide repeat mutations such
as in myotonic dystrophy that may expand over generations
and lead to a more severe phenotype in subsequent genera-
tions). However, for sake of brevity, only multifactorial
inheritance and maternal (mitochondrial) inheritance will be
briefly discussed.

Multifactorial Inheritance

Although genetic factors very often contribute to disease, most
of the time this will not be in a monogenic fashion. The major-
ity of disorders are caused by a complex interplay of multiple
unfavorable genetic variants at different loci in combination
with environmental (nongenetic) factors. The genetic variants
involved may each by themselves have a limited effect. It is
the additive effect of multiple factors that eventually will lead
to disease, hence the name multifactorial inheritance. In this
paragraph, no distinction is made between multifactorial
inheritance and polygenic inheritance (no important environ-
mental contribution). In general practice, such a distinction is

most often of no importance unless specific environmental
factors can be identified that can be influenced. Hereditability
is a measure used to indicate the contribution of inherited fac-
tors to a multifactorial phenotype. In animal studies, heritabil-
ity can be calculated, as both environment and genetic
composition of the animals can be controlled. In man, heredi-
tability can only be estimated indirectly.

In multifactorial inheritance, sometimes clustering of a
condition within a family may be observed that cannot be
easily explained by chance. Especially in common diseases
like diabetes or hypertension (when the underlying genetic
variants occur at high frequency in the population), this clus-
tering may mimic Mendelian inheritance. However, in more
rare disorders like in congenital heart disease, an identified
patient may well be the only affected one in the family. Still,
family members may be at increased risk of a congenital
heart defect.

Many continuous traits, for example, blood pressure, can
be explained in terms of the additive effect of multiple dele-
terious or protective genetic and environmental factors. In
case of hypertension, the sum of all these factors would be
defined as disease liability, which is distributed as a Gaussian
curve in the population. At the right side of the curve (highest
liability), those with hypertension are found. Their close
relatives who will share many of the predisposing genetic
(and possibly also environmental) factors with the hyperten-
sive patient will usually have a higher than average disease
liability; however, they may not meet with the clinical criteria
for hypertension. For discontinuous traits like congenital
heart defects, a threshold model has been proposed
(Fig. 2.13). If disease susceptibility exceeds the threshold
level, disease will arise. Again, the liability of close relatives
of a patient with a heart defect will be, on average, closer to
the disease threshold than that of unrelated individuals, but
most of them will not exceed the threshold and therefore will
have anatomically normal hearts.

It is important to realize that some disorders are more
multifactorial than others. Sometimes mutations at a single
locus will not be sufficient to cause disease but have a strong
effect. If a mutation in such a major gene is present, little else
has to go wrong for disease to occur. Therefore, strict separa-
tion between Mendelian and multifactorial disease is artifi-
cial. Indeed, genes that are involved in rare monogenetic
variants of a disease may also play a role in the more com-
mon multifactorial forms of the disease.

The following characteristics can be applied to multifac-
torial inheritance:

e Familial clustering may occur, but usually no Mendelian
inheritance pattern can be identified.

e Recurrence risks for family members are in general lower
than in monogenic disease.

e Risk of disease rapidly falls with decreasing degree of
relationship to the index patient.
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Fig.2.13 Example of a liability distribution of a discontinuous multi-
factorial trait (a congenital heart defect) in a given population. The red
curve is for the general population. The area under the red curve to the
right of the threshold represents the proportion of individuals with CHD
in the general population. The blue curve is for first-degree relatives of
a patient with CHD. Since CHD is a discontinuous trait (it is either
present or absent), a threshold is introduced. Everybody with a liability
exceeding the threshold will have CHD. Liability for CHD will be

e Risk may be higher for relatives of severely affected
patients.

¢ Risk estimations are usually based on empirical (observa-
tional) data.

e These risks are not fixed risks, like in Mendelian disease.
New disease cases in a family may indicate a higher
genetic load and therefore a higher risk for relatives.

At this point in time, the use of cascade genetic testing in
multifactorial disease is limited, as usually only a small part
of morbidity can be explained by the genetics variants that
have thus far been identified for these disorders. As these
variants have by themselves only a small effect, the odds of
getting the disease, once an unfavorable variant has been
identified, are small. Still, commercial genetic tests, supply-
ing risk profiles for many common conditions, based on
genetic profiles, are readily available via the Internet. Such
risk predictions may be imprecise and differ substantially
between different test providers.

Although exceptions may exist, predictive genetic test-
ing in multifactorial disease is not likely to play a role of
importance in genetic counseling in the near future. In
contrast, genetic tests for common disorders may play a

T 1
2 3

determined by the additive effect of unfavorable genetic and environ-
mental factors. As a result of shared unfavorable factors, the liability
curve for first-degree relatives has shifted to the right explaining the fact
that a larger proportion of first-degree relatives will be affected with
CHD in comparison with the general population, whereas the majority
of relatives has no CHD, as their liability does not exceed the
threshold

role in clinical practice in the near future, for example, in
risk stratification and in identifying groups that are eligible
for specific treatments.

Maternal (Mitochondrial) Inheritance

Mitochondria are present in most cells in different numbers
and are the principal providers of energy by means of the
respiratory chain. Mitochondria contain small circular DNA
molecules of their own (mtDNA). These molecules are only
16,569 base pairs in length and code for only 37 genes.
Thirteen polypeptides of the respiratory chain are encoded
by the mitochondrial DNA, whereas the remainder (the
majority) are encoded by the nuclear DNA. The rest of the
mitochondrial genes play a role in mitochondrial translation
(transfer RNASs and ribosomal RNAS).

Somatic cells typically contain 1000-10,000 mtDNA
molecules  (2-10  molecules per mitochondrion).
Mitochondrial DNA replication is under nuclear control and
suited to meet with the energy requirement of the cell. It is
not associated with cell division like the nuclear DNA. When
a cell divides, mitochondria randomly segregate to daughter
cells within the cytoplasm. Oocytes may contain up to
100,000 copies of mtDNA, whereas sperm cells usually con-
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tain only a few hundreds. Moreover, these paternal copies do
not enter the oocyte at fertilization. Therefore, the paternal
contribution to the mtDNA is negligible, and mtDNA is
inherited exclusively via the mother, hence the concept of
maternal inheritance.

Whereas nuclear genes are present in two copies per cell,
mitochondrial genes are present in thousands of copies. In
maternally inherited disease, in a specific tissue, a significant
part of the mtDNA copies may carry a similar mtDNA muta-
tion, whereas the remainder of the copies is normal (wild
type). This phenomenon is called heteroplasmy. Here, again,
a threshold is important that is determined by the specific
energy requirement of the tissue. If the percentage of mutated
mtDNA becomes so high that the energy requirement cannot
be fulfilled, this may result in mitochondrial disease. If a
mutation is present in all mtDNA molecules in a specific tis-
sue, this is called homoplasmy. The mechanism that leads to
homoplasmy of certain mtDNA mutations is not yet fully
understood.

Mitochondrial DNA differs in many aspects from nuclear
DNA. In contrast to nuclear DNA, most of the mtDNA codes
for genes. Therefore, any random mutation in the mtDNA is
much more likely to disrupt an actual gene than is the case in
the nuclear genome. DNA repair mechanisms to repair
acquired DNA damage, as are present in the nucleus, are
lacking, leading to accumulation of mtDNA mutations, for
example, in aging. On the other hand, since mtDNA genes
are present in hundreds to thousands of copies per cell,
acquired mutations rarely lead to recognizable mitochondrial
disease. Only a minute fraction of mtDNA mutations will
become “fixed” and will subsequently be transmitted to
offspring.

It is important to realize that maternal inheritance is not
equivalent to mitochondrial disease. As most of the proteins
active in the mitochondrion are encoded by nuclear genes,
mitochondrial diseases may be inherited in other fashions,
most often in an autosomal recessive manner.

Mitochondrial disease affects many tissues, although tis-
sues with the highest energy requirements (muscle, brain)
are most often involved. Cardiac muscle may be involved in
different mitochondrial conditions. Sometimes, a cardiomy-
opathy may be the first or most prominent manifestation of a
mutation in the mtDNA.

The following characteristics
inheritance:

apply to maternal

e Men and women are affected with similar frequencies;
however, only females transmit the disease to offspring.

e Phenotypes may be extremely variable (and unpredict-
able) as a result of different levels of heteroplasmy in dif-
ferent tissues.

e The percentage of mutated mtDNA in one specific tissue
may not accurately predict the level of heteroplasmy in
other tissues. This is a major problem, for example, in
prenatal diagnosis.

e Affected females are likely to transmit mutated mtDNA
to all of their offspring, but non-penetrance will result if
the threshold for disease expression is not reached.

New (De Novo) Mutations

Mutations can occur at any time during both gametogenesis
and regular cell division. If a detected mutation is present in
neither of the parents (i.e., if it is absent in the blood of both
parents), the mutation is called “de novo.” De novo muta-
tions may have arisen in the sperm or egg cell or may even
have occurred after conception. Mutation rates in genes (the
number of mutations per gene per generation) are on average
very low, in the order of 10-~107". Therefore, if in an iso-
lated patient a de novo mutation in a candidate gene for the
disorder is being found, it is usually regarded as a pathogenic
mutation.

It should be realized that most new mutations will go
unnoticed. When they are situated in noncoding DNA or in
recessive genes, they will have no immediate effect, whereas
new mutations in important dominant genes may be lethal
and may therefore not be ascertained.

Mosaicism

When mutations (or chromosomal abnormalities) arise
shortly after conception, mosaicism may result. Mosaicism
is defined as the presence of genetically different cell popu-
lations (usually an abnormal and a normal cell line) within a
single individual. The importance of mosaicism in relation to
cardiac disease is that (at least in theory) mutations that are
not detected in the blood of the affected individual may be
present in the heart. Preliminary observations suggest that
this may be important in some types of congenital heart
disease.

Germline mosaicism is a special type of mosaicism,
where a population of precursor spermatocytes or oocytes
carries a specific mutation that is not detected in other tis-
sues. As a result of germline mosaicism, a healthy (appar-
ently noncarrier) parent may unexpectedly transmit the same
disease mutation to several offspring. The classic observa-
tion of germline mosaicism is in Duchenne muscular dystro-
phy, where apparently noncarrier females may give birth to
more than one affected son with exactly the same dystrophin
mutation. However, germline mosaicism may occur in any
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disorder including cardiac disorders, and, therefore, it should
be considered a possibility in any apparently de novo muta-
tional event.

On Penetrance and Variable Expressivity

The penetrance of a specific mutation refers to its ability to
cause a disease phenotype. In monogenic disease, mutations
may show 100% penetrance. For instance, most pathogenic
dystrophin mutations will cause Duchenne muscular dystro-
phy in all hemizygous males. However, especially in autoso-
mal dominant disease, penetrance is often reduced; not
everybody with the mutation actually becomes ill. Whether or
not disease symptoms develop may be dependent on a constel-
lation of other genetic (genetic background) or environmental
factors, such as lifestyle. Disease penetrance is not necessarily
identical to having actual clinical complaints. Especially in
cardiogenetics, many clinically asymptomatic individuals
with, for example, a hypertrophic cardiomyopathy or long QT
syndrome may have easily noticeable abnormalities on ECG
or echocardiography. Such individuals may not realize their
genetic status, but they cannot be regarded as true non-pene-
trants. Usually, they should be under cardiac surveillance and
often preventive treatment will be indicated. Penetrance, in
this way, is to some extent dependent on how well individuals
have been examined for disease symptoms. If true non-pene-
trance occurs, genetic diagnosis may be the only means to
identify individuals that may transmit the disease to their off-
spring. For decisions with respect to patient care, it iS more
useful to look at penetrance of specific phenotypic traits, for
example, the chance of a ventricular arrhythmia in case of a
KCNQI mutation in long QT syndrome type 1.

In congenital heart disease, penetrance is fixed, as the dis-
ease is either present or not. In diseases that manifest them-
selves later in life, this is not true. For instance, in an autosomal
dominant inherited cardiomyopathy, penetrance at the age of
10 may be low, whereas at the age of 60, most individuals
with the genetic defect will have developed disease manifes-
tations. In this case, there is age-dependent penetrance. Of
course, this will influence risk estimations based on clinical
observation. At the age of 10, a child of a cardiomyopathy
patient from this family may still have an almost 50% chance
of having inherited the familial mutation despite a normal
cardiac evaluation, while at the age of 60, a normal cardiac
evaluation severely reduces the chance of the mutation being
present. If sound scientific data are available on penetrance,
these can be used in genetic counseling and decision-making.
However, unfortunately this is often not the case.

Variable expression is used to indicate the presence of
variation in disease symptoms and severity in individuals

with a similar mutation. For example, in desmin myopathy,
some individuals may mainly suffer from skeletal myopathy,
whereas in others from the same family, cardiac manifesta-
tions may be the principal determinant of the disease.

Genotype-Phenotype Correlations

This term refers to the extent to which it is possible to predict
a phenotype (i.e., clinical disease manifestation) given a spe-
cific genotype and vice versa. In an era where presymptom-
atic genetic testing becomes more and more customary, this
is an issue of great importance. If it were possible to predict
phenotype based on genotype with great accuracy, this would
lend additional legitimacy to predictive genetic testing, espe-
cially if early intervention would change disease course.
Indeed, there have been claims that, for example, hypertro-
phic cardiomyopathy caused by mutations in the gene encod-
ing cardiac Troponin T (TNNT2) has a higher potential for
malignant arrhythmias than cardiomyopathy caused by
mutations in some other genes [7, 8]. Also within a given
gene, some mutations may have a stronger pathogenic effect
than others.

Without doubt significant genotype—phenotype correla-
tions do exist, but it is prudent to regard such claims with
caution, as some of them may also be the result of ascer-
tainment and publication bias. From a clinical point of
view, it is obvious that, if intrafamilial (where every
affected individual has the same mutation) variation in dis-
ease severity and penetrance is considerable, little can be
expected of phenotype predictions based on the presence
of this family-specific mutation alone. As a result of the
difficulty in establishing straightforward genotype—pheno-
type correlations, the role of genetic information in cardiac
risk stratification protocols has been limited thus far. There
nowadays are a few exceptions in genetic cases of DCM,
where specific classes of mutations in LMNA and PLN
seem to be associated with adverse outcome. In these
selected cases, precise genetic diagnosis may influence
clinical decision-making, for example, with regard to ICD
therapy [9, 10].

The reverse situation needs also to be considered. Clinical
history and clinical data such as T-wave morphology in
patients suspected of having a form of long QT syndrome are
very helpful in selecting the genes that should be analyzed
first [11]. In the long QT syndromes, genotype—phenotype
correlations can be used in practice: clinical parameters sug-
gest a specific genotype, and subsequently, genotype-specific
therapy can be instituted. Accurate clinical information may
improve the yield of genetic testing and may decrease costs
and time needed for these analyses.
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Basic Concepts in Population Genetics

Population genetics studies genetic variation and genetic
disease in the context of populations. Here, a population is
defined as the group of individuals that are likely to get
offspring together and the genetic diversity that is con-
tained within this group. Populations are delimited not only
by geographical boundaries such as borders, rivers, moun-
tains, and islands but also by religious, ethnic, and cultural
differences.

Some insights from population genetics are important to
the field of clinical genetics and necessary for understand-
ing genetic phenomena that are relevant to clinical practice,
for instance, founder effects. Two important population
genetic “laws” predict the distribution of neutral genetic
variation (i.e., the Hardy—Weinberg equilibrium) and the
frequency of disease mutations (mutation-selection equi-
librium), respectively.

Hardy-Weinberg Equilibrium

The Hardy-Weinberg equilibrium predicts that the relative
frequency of different genotypes at a locus within a popula-
tion remains the same over generations. For an autosomal
gene G with two alleles A and a with an allele frequency of p
and ¢, respectively, the possible genotypes AA, Aa, and aa
will occur with a frequency of p?, 2pq, and ¢*. As there are
only two alleles for G, p + g = 1.

However, for the Hardy—Weinberg equilibrium to be true,
many assumptions have to be made. The population has to be
infinitely large, there has to be random mating with respect
to G, there has to be no selection against any of the G geno-
types, no new mutations occur in G, and there is no migra-
tion introducing G alleles into or removing G alleles from the
population. Clearly no situation in real life will ever satisfy
all these criteria.

The Hardy—Weinberg equilibrium is a neutral equilib-
rium. Small deviations from the expected genotype frequen-
cies occur by chance (genetic drift), and over multiple
generations a significant difference in genotype frequency
(when compared to the original equilibrium) may become
apparent. There is no driving force correcting such chance
deviations. As a matter of fact, a new Hardy—Weinberg equi-
librium is established with each generation.

In real life, new mutations do occur and often selection
does exist against disease-associated alleles, causing them to
disappear from the gene pool. However, mutation rates for
recessive disorders are extremely small and selection pres-
sure is low, as selection works only against the homozygous
affected. Therefore, in autosomal recessive disorders, the
Hardy—Weinberg equilibrium can be used to calculate carrier

frequencies for recessive disorders if the frequency of the
disorder in the population (¢?) is known. Because of the limi-
tations mentioned above, such calculations have to be
regarded as estimates and interpreted with caution.

Mutation-Selection Equilibrium

To understand the dynamics of disease-causing (not neutral)
alleles, another equilibrium is of importance: the mutation—
selection equilibrium. New disease alleles will arise with a
given frequency as a result of new mutations, but when dis-
eased individuals are less likely to reproduce, they also dis-
appear again from the gene pool. Therefore, the equilibrium
that predicts the frequency of disease alleles is a function of
the mutation rate, the reproductive fitness, and the mode of
inheritance of the disease.

The easiest example is a severe congenital heart defect as
a result of a new autosomal dominant mutation. If this heart
defect is lethal, reproductive fitness is nil, and the population
frequency of the mutated autosomal dominant gene would be
identical to the mutation frequency. In, for example, long QT
syndrome type 1, most mutation carriers, however, will
reproduce, but reproductive fitness is somewhat reduced as a
result of some affected individuals dying from arrhythmias
at a young age [12]. Here, the actual frequency of the disease
allele is much larger than the mutation frequency, as most
disease alleles will be inherited. Still, if no new mutations
would occur, the disease would eventually die out as a result
of reduced fitness.

Mutation—selection equilibrium is more stable than the
Hardy—Weinberg equilibrium. If for some reason more new
mutations arise than expected, selective pressure increases as
well since there are more affected individuals to target, mov-
ing the equilibrium again in the direction of the original
state. However, if reproductive fitness increases significantly
as a result of improved therapies, eventually a new equilib-
rium with a higher population frequency of the mutated
allele will be established.

Founder Mutations

If a population descends from a relatively limited number of
ancestors, the genetic variation is largely dependent on the
variation that was present in this small group of ancestors. If
by chance a rare disease allele was present in one of these
“founders,” this disease allele may achieve an unusual high
frequency in this founder population, which is not found in
other populations. This is especially true if selection against
the mutation is small, so that the mutation is not easily elimi-
nated from the gene pool.
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For example, in the Netherlands, over 20% of hypertro-
phic cardiomyopathy is caused by a single ¢.2373_2374insG
mutation in the MYBPC3 gene [13]. In order to prove that
this is indeed a founder mutation and not a mutation that has
occurred de novo more than once, it was established that the
mutation in each patient lies on an identical genetic marker
background (haplotype), which must have been present in
the founder. If the mutation had occurred many times de
novo, it would have been expected to be associated with dif-
ferent haplotypes.

Founder effects, like the one described above, can help
explain why certain diseases are more frequent in some pop-
ulations than others. Moreover, it is important to be aware of
these mechanisms as they can aid in devising efficient strate-
gies for molecular diagnosis in specific populations.

Genetic Isolates

Genetic isolates are small, closed communities within a larger
population where people tend to marry among each other.
Consanguinity is more likely and even if this is not the case,
genetic variation within an isolate is much more limited,
because of the absence of new genes contributing to the gene
pool. As a result some genetic diseases may have a much
higher frequency within an isolate than in the population as
whole, while in contrast other genetic diseases may be virtu-
ally absent. Therefore, it may be important to realize whether
or not a specific patient comes from a genetic isolate.

Consanguinity

Consanguineous marriages are very common in some cul-
tures and unusual in others [14]. Marriages between first
cousins are most frequent. They share 12.5% of their DNA,
derived from their common ancestor. In some cultures uncles
are allowed to marry their nieces. Such second-degree rela-
tives share 25% of their DNA. This situation, from a genetic
point of view, is no different from double first cousins that
have all four grandparents in common and, therefore, also
share 25% of their DNA.

Consanguinity may have significant social and economic
advantages, especially in low-income societies. However,
the genetic risks cannot be ignored, but they are highly
dependent on the degree of relationship. The problem with
consanguinity arises from the reduction to homozygosity in
offspring of consanguineous parents. If both parents carry
the same recessive mutation in their shared DNA, there is a
25% risk of the mutation being homozygous in each child.
Therefore, consanguinity mainly increases the likelihood of
autosomal recessive disease. The chance that a recessive dis-
order is caused by consanguinity increases with decreasing
frequency of the disorder. In other words, the relative risk

increase as a result of consanguinity is highest for the rarest
recessive disorders. For example, thus far a rare form of cat-
echolaminergic polymorphic ventricular tachycardia (CPVT)
as a result of an autosomal recessive mutation in the CASQ2
gene has only been found in consanguineous families [15].
In addition, one also has to be aware of the fact that autoso-
mal dominantly inherited disease may also run in consan-
guineous families. If offspring has inherited both affected
alleles, the clinical picture is often severe and lethal at an
early age. Examples include long QT syndrome and hyper-
trophic cardiomyopathy [16, 17].

If consanguinity occurs frequently within a population,
the population becomes inbred. In such a population, for any
genetic locus, the frequency of heterozygotes will be lower
than expected under Hardy—Weinberg equilibrium (because
of reduced random mating). This will lead to overestimation
of carrier frequencies.

In multifactorial disease, consanguinity may play arole as
well, although less conspicuous than in autosomal recessive
disease. Shared predisposing genetic variants, present in het-
erozygous form in the parents, have a 25% chance of being
present in homozygous form in the offspring, thus increasing
the likelihood for multifactorial disorders.

Information on consanguinity is not always volunteered
and should be specifically asked for. Sometimes consanguin-
ity is present, but not known to the family. Most individuals
have little information on relatives dating further than three
generations back. If ancestors from both parents are from the
same small isolated community, consanguinity may still be
suspected. When of importance, genealogical studies or SNP
array analysis may be used to substantiate this.

Genetic Testing

Any test to identify a genetic disease can be considered a
genetic test. Genetic testing using DNA analysis is avail-
able for an increasing number of cardiac diseases and con-
ditions that are associated with cardiovascular disease in a
wider context. Two important differences between genetic
DNA tests, when compared to other diagnostic tests, need
mentioning. First, DNA tests usually have health implica-
tions that last a lifetime, while the genetic defect in itself is
not amenable to treatment. Second, the implications of
genetic test results often are not limited to the patient in
front of you but also are of concern to family members
including future offspring. The family and not the individ-
ual patient could be regarded as the “diagnostic unit” in
genetic disease. As a result of these notions, DNA testing
is and should only be offered as part of a genetic counsel-
ing procedure in order to assure that patients fully under-
stand the scope of the tests that are being performed. This
is especially true for monogenic disease and tests for very
high-risk genes.
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Genetic Counseling

Genetic counseling is a two-way communication process
aiming at helping patients with genetic disease or at (per-
ceived) increased risk of genetic disease, and their relatives,
to understand the genetic risk and decide on a suitable course
of action [18]. Genetic counseling is offered by trained medi-
cal or paramedical professionals. Its goals are:

* To help patients and their family members comprehend
medical facts (diagnosis, symptoms, complications,
course, variation, and management)

* To help patients and their family members understand the
basic facts of the genetic contribution to their disorder,
where this is relevant for communicating risks to specific
family members and recurrence risks in (future) children

e To make them understand the options available to deal
with risks and recurrence risks (preventive treatments,
lifestyle adjustments, reproductive options, prenatal
diagnosis)

e To help individuals choose a suitable course of action in
view of their individual risk of disease, goals, personal
and cultural values, and religious beliefs and to facilitate
this course of action

e To support individuals and their families in making the
best possible adjustment to their disease condition or to
their increased risk of genetic disease

Most common counseling situations for cardiac disorders
can be grouped into one of the three categories mentioned
below. All three have their own dynamics and major issues:

e Parents who have a child with a congenital heart defect or
a syndrome that has important cardiovascular implica-
tions or other pediatric cardiac disease. They may want to
be informed about prognosis, recurrence risk in future
children, and sometimes the possibility of prenatal
diagnosis.

e Patients that have a cardiac defect or cardiac disease
themselves and have questions about genetic aspects and
prognosis. They may also be concerned about risk to fam-
ily members, most often (future) children and/or sibs.

e Those who have been referred because of a positive fam-
ily history for cardiac disease or suspicion thereof or have
a family history for sudden cardiac death at a young age.
They come for information on their personal risk and
questions about the usefulness of presymptomatic cardiac
evaluation, and, if possible, they may opt for presymp-

provides adequate information and support. The coun-
selee decides. This notion stems from time that genetic
counseling was mainly concerned with reproductive
issues. Naturally, counselors should have no say in the
reproductive decisions made by their clients. Also, in pre-
symptomatic testing of late-onset neurodegenerative dis-
ease, where medical interventions to change disease
course are virtually absent, maximum nondirectiveness
should be applied in counseling.

However, with a changing focus in medical genetics to dis-
orders that are, at least to some extent, amenable to early
intervention or preventive treatment, the applicability of
nondirective genetic counseling becomes less obvious. For
example, in long QT syndrome type 1, where B-blocker
therapy has been proven to be effective in symptomatic
patients, nondirective counseling seems less indicated
[19]. In practice, in cardiogenetics, a balance that both
respects patient autonomy and assures that the appropriate
medical decisions are made should be sought for.
Informed consent. Informed consent is not unique to clin-
ical genetics or genetic counseling. However, some insti-
tutions will require written informed consent prior to
DNA testing, especially if presymptomatic testing of
apparently healthy individuals is concerned. This is no
rule of thumb and may vary based on individual insights
and local differences in the medicolegal situation.
Privacy issues. These are also not unique to genetic medi-
cine but may be more urgent in this discipline. Genetic
information may have a huge impact on insurability and
career options. The extent to which this is true is largely
dependent on legislation dealing with genetic discrimina-
tion, which varies between countries. However, a danger
of discrimination on genetic grounds always exists.
Therefore, maximum confidentiality of genetic informa-
tion should be assured. Providing genetic information to
third parties, without written permission from the indi-
vidual involved, would be defendable only in case of a
medical emergency. In contrast, genetic information is
much harder to keep confidential because DNA is shared
by relatives that are likely to benefit significantly from
this information. When appropriate, permission to use
genetic information for the benefit of relatives should be
actively acquired by the genetic counselor. Especially in
families that communicate insufficiently, clinical geneti-
cists may encounter problems with confidentiality and
find themselves confronted with conflicting duties.

tomatic genetic testing.
Some basic principles of genetic counseling:

Nondirectiveness. Historically, nondirectiveness is an
important hallmark of genetic counseling. The counselor

Cardiac Genetic Counseling

The most notable feature of cardiogenetic diseases is the risk
of sudden cardiac death. Every aspect of this devastating
event defines the unique role of cardiac genetic counselors
[20].These include involvement in prevention strategies,
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such as helping patients to make lifestyle modifications and
coordinating clinical screening of at-risk relatives.
Furthermore, the cardiac genetic counselor may be involved
in key treatment strategies such as implantable cardioverter
defibrillator therapy, thorough investigation of the family
history, and in many cases dealing with a grieving family
who have unexpectedly lost a loved one. Given the impor-
tance of clinical screening of first-degree relatives as a pri-
mary prevention strategy, cardiac genetic counselors
frequently provide assistance in coordinating clinical sur-
veillance of at-risk family members. Being the first point of
call for many families, it is also important for cardiac genetic
counselors to educate patients about how frequently clinical
screening should occur and often to dispel misinformation
regarding family members who have been told in the past
that they never need to return for clinical assessment. A diag-
nosis of many of these diseases will also impose exercise
restrictions, particularly relating to competitive sports, and
this can be devastating to many patients making adjustment
to their disease much more difficult. This is particularly rel-
evant in the younger population where disqualification from
sports participation can often lead to major psychosocial
consequences. Similarly, patients deemed at increased risk
of sudden death who are advised to undergo implantation of
an implantable cardioverter defibrillator experience a range
of emotions, and the role of the cardiac genetic counselor to
provide information and emotional support can be signifi-
cant. Many of the families seen in the specialized cardiac
genetic clinics will have direct experience with sudden car-
diac death, often having lost a close relative. In such cases,
the grief of the family will be in the forefront and make the
provision of information and adjustment to new diagnoses
far more difficult.

Cardiac Genetic Testing

Next-generation sequencing technologies have paved the
way for testing of a vast number of genes, with a typical
cardiac gene panel now comprising 50-200 genes. Many of
the genes included in these panels have only minimal evi-
dence of disease association or causation, i.e., accounting for
less than 5% of disease. Use of such panels has significantly
increased the yield of genetic diagnosis in cardiomyopathy
families. However, as could be expected, it has also resulted
in an enormous expansion of the detection of VUS (variant
of unknown significance) [21]. Despite databases filled with
sequence data of over 120,000 controls from different popu-
lations  (http://exac.broadinstitute.org/,  http://gnomad.
broadinstitute.org/) and the availability of different in silico
prediction algorithms, many of these vusses at this moment
cannot yet be satisfactorily resolved. Exome (sequencing of
the entire coding region of the genome) and genome sequenc-

ing (sequencing of the entire genome) are powerful tools for
research and gene discovery and becoming increasingly
common in the commercial setting. Coupled with rapidly
decreasing costs, and wider access and uptake, the complex-
ity of the results generated when a cardiogenetic gene test is
now ordered goes beyond the basic expertise and scope of
current practices.

Genetic testing is an important component of cardioge-
netic disease management. Commercial genetic tests are
available for most, and increasing uptake among patients has
contributed to a vastly improved knowledge of the genetic
basis of these diseases. The incredible advances in genetic
technologies have translated to more rapid, comprehensive,
and less expensive genetic tests, completely changing the
landscape of genetic testing in recent years. While there are
enormous challenges, mostly relating to interpretation of
variants, the value of a genetic diagnosis should not be
underestimated. In almost all cases, the single greatest utility
is for the predictive genetic testing of family members.

With the increasing number of uncertain variants identi-
fied after cardiac genetic testing, determining methods to
ensure the highest yield of causative variants is important.
One key consideration is defining the clinical phenotype
both in the individual patient and the family. A complete
cardiogenetic evaluation is required, which includes being
certain of the clinical diagnosis in the proband. The high-
est yields from genetic testing are often based on patient
cohorts with confirmed disease. A word of caution with
respect to pathogenicity seems justified: a variant is not
causative because it has been published as such. Many
publications do provide neither adequate information on
segregation (does the variant cosegregate with disease in
the family?) nor functional data supporting pathogenicity.
The fact that a variant has been reported in a series of 50
cardiomyopathy patients and was absent in 400 ethnically
matched controls cannot now be regarded as sufficient evi-
dence for pathogenicity. Indeed, large-scale population
sequencing efforts demonstrate that some mutations in the
past believed to be causal occur at a far too high popula-
tion frequency to be actual monogenic causal pathogenic
mutations [22].

The outcomes of cardiac genetic testing are summarized
in Table 2.1.

Pre- and Posttest Genetic Counseling

Cardiac genetic counseling is a key component of the multi-
disciplinary approach to care for families with cardiogenetic
diseases, and this is not more evident than in the setting of
cardiac genetic testing. With increasing complexity of car-
diac genetic results, ensuring individuals are well informed
prior to testing is a challenging but critical task.
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Table 2.1 Outcomes of cardiac genetic testing (table modified from
Ingles et al. Heart Rhythm. 2014 PMID: 24632221)

Possible
outcome

Consequences for the
proband
An indeterminate

Consequences for the family

No variants of Predictive genetic testing

potential gene result does not  cannot be offered to the
clinical exclude a cardiac family. At-risk relatives are
importance genetic disease, but  advised to be clinically
identified reassessment of the  assessed according to
phenotype should be  current guidelines
considered
Variant of Efforts to delineate ~ While pathogenicity of a
uncertain pathogenicity of the  variant is under question, it
significance variant are required, cannot be used to inform
(VUS) including clinical management of
identified cosegregation studies family members. Predictive
involving phenotyped genetic testing cannot be
family members offered. At-risk relatives are
advised to be clinically
assessed according to
guidelines
Pathogenic Confirm clinical Predictive genetic testing of
mutation diagnosis, limited asymptomatic family
identified therapeutic and members is available
(pathogenic or prognostic following genetic
likely application except in  counseling
pathogenic) familial long QT
syndrome
Multiple Confirm clinical Complex inheritance risk to
pathogenic diagnosis and first-degree relatives must
mutations potentially explain a  be discussed. Predictive
identified more severe clinical ~ genetic testing of

phenotype asymptomatic family
members is available
following genetic
counseling

Genetic counseling to

Incidental or  Action regarding

secondary incidental or determine clinical and
pathogenic secondary findings genetic impact to family
mutation must be discussed members is available
identified with the proband

pretest

Genetic test results should not be considered a binary
(yes/no) outcome, but rather a carefully considered result
along a continuum from benign to VUS, likely pathogenic,
and pathogenic. The genetic test result is therefore a proba-
bilistic one, in which the weight of evidence for pathogenic-
ity determines the probability of the specific variant being
disease-causing. Conveying this result to the family can be a
challenge, but the basic principles of pretest counseling
essentially remain unchanged with the ultimate goal of
ensuring a full understanding of the process and conse-
quences of genetic testing. There is often inherent uncer-
tainty of the genetic test result, and therefore discussion with
a health professional who can effectively explain what this
means to the family is preferable [23]. There should be an
understanding that the identification of a VUS may require
initiation of further family investigation to clarify pathoge-
nicity, and indeed a detailed family history at this point will

give information about whether this is even possible.
Furthermore, it should be highlighted clearly that there is a
small chance new information will become available in the
future that may change lead to reclassification of the result.
Trained genetic counselors are skilled in delivering complex
information in a sensitive manner and should play a key role
in the testing process.

Interpreting Genetic Test Results

Interpretation of genetic results is not always straightfor-
ward. Without going into great depths, it may be appropriate
to spend a few lines on this subject. Mutations can basically
have effects in three different ways. They can cause decreased
amounts of protein or loss of normal protein function. This is
called haploinsufficiency. They can cause gain or change of
normal protein function, or they can alter protein features
making the protein to become toxic, if normal protein metab-
olism is disturbed. For example, loss of function mutations
in the SCN5a gene cause Brugada syndrome and progressive
conduction disease, whereas gain of function mutations in
the same gene underlie long QT syndrome type 3. Loss of
function (haploinsufficiency) is the most common disease-
causing mechanism.

If nonsense mutations (leading to a stop codon) or frame-
shift mutations (leading to disruption of the reading frame,
which usually causes a premature stop) occur, one can be
confident that this will lead to haploinsufficiency, unless the
truncation is very close to the C-terminus of the gene. As a
result of a process called nonsense-mediated messenger RNA
decay, only very little truncated protein will be produced.
Most splice mutations (especially those disturbing the read-
ing frame) and larger rearrangements of genes will also lead
to haploinsufficiency. In certain genes where haploinsuffi-
ciency is known to be the disease-causing mechanism, these
types of mutations will almost certainly be considered patho-
genic. In cardiogenetic diseases, this can include MYBPC3
mutations in HCM, in PKP2 in ARVC/D, and truncating TTN
mutations in familial DCM. Truncating mutations in MYH7
are an example of changes not expected to impact the protein
function much, since loss of function is not thought to be the
disease-causing mechanism for this gene.

Missense mutations (mutations changing only one amino
acid in the protein) may lead to both loss of protein function
and gain/change of function. Especially in case of structural
proteins, where different protein molecules act together to
form a structure, missense mutations may be more deleteri-
ous than truncating mutations, as these mutated proteins are
incorporated into the structure and disrupt it. This will lead
to a dominant negative effect.

However, many of the missense mutations detected will
actually be rare variants without significant effect on protein
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function. Therefore, if a new missense mutation in a candi-
date gene for a specific disorder is identified, it will often be
difficult to predict whether or not it is the actual causative
mutation, i.e., VUS (Table 2.1). There has been almost uni-
versal adoption of variant classification criteria proposed by
the American College of Medical Genetics and Genomics and
the Association of Medical Pathologists (ACMG/AMP) in
2015 [24]. Since then, gene-specific modifications have been
made, including a recent publication outlining classification
of variants in sarcomere genes [25]. In brief, many of the
principles of variant classification are shown in Table 2.2.

Table 2.2 Key criteria used in determining pathogenicity of variants

Key criteria Description
Absence of rarity in general The variant has not been reported in general
population population databases. In 2016, the Exome

Aggregation Consortium reports >60,000

Where there is not enough evidence for causation, a variant
will remain uncertain. Unfortunately, in clinical practice VUS
occur rather frequently and cannot always be satisfactorily
resolved. Assumptions made regarding the pathogenic poten-
tial of missense mutations are therefore often provisional. It is
important to realize this when using genetic information in
clinical practice. Overinterpreting missense variants for
pathogenic mutations is harmful in several ways, as on the
one hand some individuals without a genetic predisposition to
the disease will be stigmatized and unnecessarily kept under
surveillance, while on the other hand, the actual causative

Tools/approach

ExAC and gnomAD databases
ExAC.broadinstitute.org
gnomAD.broadinstiture.org

exomes giving allele frequencies by ethnicity.
Absence of the variant in a large number of

healthy controls is compatible with

pathogenicity but merely confirms that the

variant is indeed rare
Variant previously reported in
disease population

Many classification criteria will require the
variant to have been previously reported in >3
unrelated probands with the same phenotype.
Public access databases such a NCBI ClinVar

ClinVar website

clinvar.com

ARVD/C genetic variant database
arvcdatabase.info

encourage laboratories and research groups to
upload their details and experience of certain
variants. Other disease-specific databases exist

De novo event

as very strong evidence in favor of

pathogenicity. As mutation frequencies are
exceedingly low, the chance that a new mutation
would occur in the studied candidate gene just

by coincidence is negligible

Segregation with multiple
affected family members

pursued where possible

Absence of the variant in an affected family
member is, of course, strong evidence against

pathogenicity
Variant causes loss of function
of a gene known to result in a
phenotype by this mechanism
In silico tools and conservation
scores supportive of a
deleterious role

of genes can be very strong evidence of
pathogenicity

evidence to support pathogenicity

If the variant has arisen spontaneously at
conception, (i.e., de novo) this can be regarded

Proving that a variant cosegregates with the
disease phenotype in a family can provide
definite evidence for pathogenicity, but only if
the family is large enough (about ten informative
meiosis would be required). This is often not the
case. In families where even two or more
affected relatives can be shown to carry the
variant, this will provide lower-level supportive
evidence for pathogenicity and should be

As described above, loss of function in a handful

There are a multitude of in silico prediction
software and conservation scores, no weight
should be placed on a single score, and in
general whether a number of these are in support
of a deleterious impact can be used as low-level

Genetic and clinical testing of both parents is necessary.
Where there is question over paternity, this should be
confirmed by haplotype analysis following discussion with
the family. In recent times, due to occurrence of egg donor
in vitro fertilization options, it may also be necessary to
confirm maternity with a family. Paternity/maternity issues
are sensitive discussion topics and should be carefully
approached

Clinical and genetic testing of relatives is needed to gather
segregation data. In general, we collect DNA samples from
affected relatives only since unaffected relatives are not
informative (i.e., we know there is incomplete penetrance
among cardiogenetic diseases). When segregating an
uncertain variant in a family, the individual should
understand that the importance of the variant is unknown.
Often the approach is to request the DNA as a research
sample, where there is no expectation to get a result. If
pathogenicity can be adequately confirmed, then the family
members will be invited to the clinical service to undergo
predictive genetic testing

This rule does not apply to all genes

Polyphen2

genetics.bwh.harvard.edu/pph?2

Polyphen HCM

genetics.bwh.harvard.edu/hcm

SIFT (sorting intolerant from tolerant)

sift.jevi.org

CADD (combined annotation-dependent depletion) score
cadd.gs.washington.edu
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mutation may go unnoticed and individuals may be released
from surveillance, based on incorrect genetic information.
The fact that a specific missense mutation has been published
as a pathogenic mutation in the literature cannot always be
regarded as sufficient evidence (one has to go back to the
original publications and weigh the evidence).

Controls

In the past, absence of a potentially pathogenic mutation
from 100 or 200 controls matched for ethnicity was regarded
as sufficient evidence for causality. Nowadays we know this
has led to significant overinterpretation of rare variants with
respect to causality; therefore, older papers claiming that a
mutation is causal for a specific cardiac disease should be
regarded with caution [26]. Luckily we now have online
access to whole-exome data (ExAC and gnomAD) of more
than 120,000 unrelated individuals across different popula-
tions that were not specifically ascertained for cardiac dis-
ease and that can therefore serve as useful controls. Causal
highly penetrant autosomal dominant mutations should be
present at very low frequencies in such population-based
databases. On the other hand, even complete absence from
these databases cannot be regarded as definite proof of
pathogenicity. ExAC also provides data on evolutionary con-
straint for different classes of mutations; they calculated
whether or not there were more certain loss of function
mutations than expected, based on the size of the gene, and
represent that as pLI ranging from 0.00 to 1. The closer the
pLlIis to 1, the stronger the evolutionary constraint is for loss
of function mutations. However, even for known cardiac loss
of function genes like MYBPC3 and PKP2, the pLI is actu-
ally 0.00 indicating that even individuals with definite loss of
function mutations in these cardiomyopathy genes have a
near-normal reproductive fitness, so they will usually repro-
duce before they get seriously ill. In comparison, the pLI for
LAMP2 and PRKAG?2 are 0.94 and 0.98 respectively, indi-
cating very significant evolutionary constraint for loss of
function mutations in these genes; and indeed loss of func-
tion mutations in those genes may lead to very severe pheno-
types at a young age. Similarly for missense variants, they
calculated a Z-score that may actually be negative if more
missense variants were seen than expected. The higher the
Z-score, the less tolerant the gene is for missense mutations.

Predictive Testing and the Dynamics
of Family Studies

Predictive, presymptomatic, or cascade genetic testing is
performed on family members with no apparent evidence of
clinical disease to find out whether or not they have inherited

a pathogenic gene variant. Often predictive testing takes
place in the context of family studies. In family studies, spe-
cific individuals are targeted for evaluation based on a posi-
tive family history for genetic disease. Both predictive testing
and family studies are unique features of clinical genetics
practice.

Predictive DNA Testing

Predictive DNA testing is usually performed for monogenic
disorders with important health risks. Demonstrating that an
individual has not inherited the family-specific mutation usu-
ally reduces risks to population level, and also risks for off-
spring will be normalized. However, if the mutation is indeed
identified, this does not automatically mean that the individ-
ual will get the disease. In many cardiac disorders, pene-
trance is significantly reduced. In general, presence of the
familial mutation will not allow for predictions on severity of
the disease or age of onset.

Most genetic cardiac disorders show significant locus het-
erogeneity, that is, many different genes are associated with
a similar phenotype. Besides, molecular heterogeneity (the
number of different mutations in a gene) is immense.
Therefore, as a paradigm, predictive genetic testing in a fam-
ily is only possible if a causative family-specific mutation
has been identified in the index patient.

It is important to emphasize that predictive testing does
not necessarily involve DNA testing. A cardiologist per-
forming echocardiography in a symptom-free sib of a
hypertrophic cardiomyopathy patient is involved in both a
family study and predictive testing. The detection of, even
a very mild, hypertrophy of the interventricular septum,
that as yet does not need treatment, will have serious con-
sequences for this person. The adverse consequences (see
next paragraph) of predictive testing based on concealed
cardiac symptoms are no different from those associated
with predictive DNA testing. Therefore, in a case like this,
the same standards of genetic counseling should be applied
prior to echocardiography.

In families where DNA studies have been unsuccessful,
family studies will have to rely solely on phenotype and
therefore on cardiac evaluation. An important difference
between family studies based on phenotype and those based
on genotype arises when non-penetrance or age-dependent
penetrance occurs. In that case, of course, a genetic test will
be more sensitive to demonstrate the predisposition espe-
cially in young individuals. In conditions with age-dependent
penetrance, it may be prudent to reevaluate individuals with
a 50% prior chance of having inherited the genetic defect
after a couple of years.
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Adverse Consequences of Predictive Testing

Predictive testing may offer important medical and psycho-
social benefits to the individuals tested. However, it should
be realized that, in contrast to this, predictive testing can also
have negative psychological and socioeconomic repercus-
sions [27]. Individuals may perceive themselves as less
healthy, even when no disease symptoms can yet be demon-
strated. Coming to terms with knowledge about one’s own
genetic predisposition, feelings of guilt toward children that
are now also at increased risk, forced lifestyle changes, and
difficulty with choices regarding, for example, reproductive
issues may cause a lot of distress and anxiety. Importantly,
knowing that one has the predisposition for a serious late-
onset disorder is likely to complicate qualifying for, for
example, life or health insurance or might interfere with
career options. Last but not least, predictive testing can com-
plicate family relationships, especially if some family mem-
bers want to be tested while others decline testing. Test
results of one person may also yield risk information with
regard to other family members that may not want to know
this. Therefore, predictive testing should not be embarked on
without giving these issues serious thought. Opting for pre-
dictive testing should be a well-considered and autonomous
decision of the individual involved. Pressure on individuals
to undergo testing, for instance, by insurance companies or
employers would be absolutely unethical.

Predictive Testing in Minors

Minors cannot make their own well-informed decisions with
regard to predictive testing. It is a paradigm in clinical genet-
ics not to perform predictive genetic testing in minors if there
is no direct and important medical benefit [28, 29]. Late-
onset disorders, or disorders that are not amenable to preven-
tive treatment, are not to be tested in healthy children [28]. In
some countries, predictive genetic testing in minors is sub-
ject to specific restrictive legislation.

However, in many cardiac disorders like long QT syn-
dromes, preventive therapy should be instituted at an early
age. In such cases, postponing testing until children can
make their own autonomous decisions is often not a realistic
option. Thus, predictive genetic testing of minors can cer-
tainly be indicated. In the Netherlands, for example, predic-
tive genetic testing of minors for cardiac disorders is
performed in centers for cardiogenetics, according to a pro-
tocol that also involves participation of a psychologist or
specialized social worker. It should be noted that parents
who have their children tested for heritable arrhythmia syn-
dromes are likely to experience major distress and anxiety
[30]. This may influence the handling of their children, and
moreover parental anxiety is likely to lead to anxiety in
children.

As a rule of thumb, predictive testing in children is only
performed if treatment or surveillance at a pediatric age is
possible and necessary; there may be exceptions to this rule
that have to be judged on a case-by-case basis. The bottom
line is that predictive testing always has to be in the interest
of the child. For example, should a child from a hypertrophic
cardiomyopathy family be talented enough to seriously pur-
sue a professional career in sports, it would be unfair to post-
pone testing, thereby depriving the child from the possibility
to choose another career at an earlier stage.

Conducting Family Studies

The way individuals are selected for evaluation in a family
study primarily depends on the mode of inheritance of the
disease. Cardiogenetic family studies most often involve
autosomal dominant conditions, in which affected individu-
als are likely to occur in several generations and both males
and females may be affected. Family studies are conducted
using the “cascade method.” As soon as a new disease carrier
has been identified, his or her first-degree relatives become
the next targets for study. Historically information about the
possibility of genetic testing was always distributed within
the family by coached patients themselves [31]. This was
designed in this way in order to circumvent issues of patient
confidentiality and in order to retain the nondirective charac-
ter of genetic testing. Nowadays alternative methods for dis-
tributing genetic information within families are being
investigated as the old routine is considered to put too much
burden and responsibility on the shoulders of patients that
are themselves already struggling with genetic disease. At
least some way of professional supervision of the informa-
tion distribution process seems justified. When parents of a
disease carrier are deceased, it will often be difficult to deter-
mine whether the condition has been inherited from the
mother or from the father. The possibility also remains that
the disease predisposition was inherited from neither parents
but resulted from a de novo mutational event. A decision will
have to be made whether to stop here or to pursue the family
study further to aunts, uncles, and often first cousins at both
sides. This decision depends in part on the medical informa-
tion available on the parents and more distant relatives.
Moreover, the magnitude of the risk for severe events that is
associated with the familial disease, knowledge on the fre-
quency of the familial character of the disease, and the avail-
ability of therapies that influence this risk are important
issues when deciding how far family studies should be
pursued.

The major justification for family studies is to unambigu-
ously identify those individuals that run an increased risk of
disease, in order to institute preventive therapies or closely
monitor these individuals and enroll them in risk stratifica-
tion protocols.

However, sometimes the targeted family members them-
selves may not be at high risk for serious disease anymore.
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Contacting them may still be justified if there is a consider-
able chance that the predisposition to a treatable disease has
been transmitted to their children. This may, for example, be
the case in elderly individuals from long QT syndrome fami-
lies that never experienced arrhythmias themselves.
Demonstrating the predisposition in them will not necessar-
ily lead to treatment, but exclusion of the predisposition will
render further testing unnecessary for all of his or her chil-
dren. The medical benefits for elderly tested individuals may
be limited, but also the socioeconomic dangers of predictive
testing may be less urgent in older individuals, as they will
usually already have insurance and careers.

In case of a disorder that is not amenable to treatment,
only reproductive counseling can be offered to family mem-
bers that turn out to have the genetic predisposition. For per-
sonal reasons, family members may opt for predictive testing.
Uncertainty regarding genetic status may by itself be a major
cause of distress and anxiety. However, if no clear medical
benefits are to be expected, family studies should only be
initiated on specific demand of the relatives themselves.

Prenatal Diagnosis

Prenatal diagnosis can be requested for a number of different
reasons. Termination of pregnancy may be the ultimate con-
sequence once it has been established that the fetus has a
very serious debilitating genetic disorder. However, the goal
of prenatal diagnosis may also be to aid in planning peripar-
tum medical interventions or help parents to emotionally
prepare for the birth of a child with a birth defect. Parents
with a previous child with a congenital heart defect will qual-
ify for specialized ultrasound in subsequent pregnancies.
Depending on the severity and type of heart defect that is
detected at ultrasound, parents may decide to terminate the
pregnancy or to deliver in a center where appropriate neona-
tal intensive care is available. On rare occasions, even fetal
therapy can be applied; for instance, some fetal tachyar-
rhythmias can be treated by putting the mother on
medication.

Prenatal diagnosis can be divided in invasive prenatal
diagnosis and noninvasive imaging studies, mainly prenatal
ultrasound. Invasive prenatal diagnosis involves obtaining
chorionic villi (placental cells), amniocytes (fetal cells pres-
ent in amniotic fluid), or rarely cord blood, for genetic and,
sometimes, protein or metabolite studies. The invasive pro-
cedures are associated with a small albeit significant risk of
pregnancy loss. Therefore, these should be undertaken only
if the prenatal diagnosis will have medical consequences.
Like in predictive genetic testing, prenatal DNA diagnosis
for cardiac disorders will only be possible if the family-
specific mutation has been identified beforehand.

Except for ultrasound diagnosis in pregnancies of couples
to whom an earlier child with a congenital heart defect has

been born, requests for prenatal diagnosis are infrequent in
cardiogenetic practice. However, requests for prenatal diag-
nosis should always be taken seriously and the reasons
should be explored. Frequently, other issues like feelings of
guilt, fear of disapproval from friends or relatives, uncer-
tainty about postnatal follow-up, and so on may be found to
underlie such requests.

Preimplantation genetic diagnosis (PGD) is a technique
in which in vitro fertilization (IVF) is combined with genetic
diagnosis prior to implantation of the embryo into the womb.
As genetic diagnosis has to be performed on one or two
embryonal cells instead of millions of white blood cells,
PGD is technically much more demanding. PGD may be an
alternative to couples that are opposed to pregnancy termina-
tion, but would not be able to reproduce knowing that their
child is at high risk of serious genetic disease. Success rates
of PGD are limited by the limitations of the IVF procedure
and the fact that after genetic testing, fewer viable embryos
may be left for implantation. PGD has been performed for a
limited number of disorders that may have major cardiac
consequences like Marfan syndrome or myotonic dystrophy
[32,33].

Besides prenatal diagnosis, which is performed in selected
cases because of increased risk of genetic disease, also pre-
natal screening programs exist. In principle, all pregnant
women are eligible for prenatal screening programs that may
be differently set up in different countries. In most western
countries nowadays, prenatal ultrasound screening is offered
to pregnant women at around 20 weeks of gestation. As con-
genital heart defects occur at high frequency in the general
population, many more heart defects will be found by chance
during ultrasound screening than by using other methods of
prenatal diagnosis, even if the sensitivity of ultrasound
screening may be relatively poor.

The Cardiogenetics Outclinic

Since the care for individuals with genetic cardiac disease
and their relatives requires both cardiologic and genetic
expertise, the multidisciplinary outpatient clinics for cardio-
genetics are advocated as the ideal model of care. In these
outpatient clinics that are operating within the university
hospitals, cardiologists, pediatric cardiologists, clinical
geneticists, molecular geneticists, genetic nurses, psycholo-
gists, and social workers cooperate to provide integrated
healthcare for this specific patient group. This is of benefit to
patients because the number of hospital visits can usually be
reduced and also to healthcare providers because of easier
communication. Besides, from a data collection and research
point of view, centralization of patients with inherited car-
diac disease also has obvious advantages. It will be immedi-
ately clear that most of the regular care for this patient group
will have to remain with cardiologists working in regional or
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local hospitals. With an estimated prevalence of 1 in 500 for
hypertrophic cardiomyopathy, it would not only be unneces-
sary to follow all these patients in outclinics for cardioge-
netics but also impossible. This implicates that a general
awareness among cardiologists of the genetic aspects of car-
diac disease is needed.
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Cardiomyopathies are defined by the European Society of
Cardiology (ESC) Working Group on Myocardial and
Pericardial Diseases as myocardial disorders in which the
heart muscle is structurally and functionally abnormal in the
absence of coronary artery disease, hypertension, valvular
heart disease, and congenital heart disease sufficient to
explain the observed myocardial abnormality [1]. In other
words, a cardiomyopathy is disease of the heart muscle
“itself,” but the requirement “sufficient” is crucial since
minor structural disease is acceptable. For instance, the find-
ing of mild concomitant coronary artery disease does not
preclude the diagnosis of DCM, and by the same token, mild
hypertension does not necessarily preclude the diagnosis of
HCM. Conversely, patients with a genetic predisposition to a
cardiomyopathy can more easily display myocardial disease
caused by environmental factors such as hypertension, medi-
cation or intoxication, excessive exertion, etc. illustrating
that a mutation is in essence merely a risk factor but by itself
often insufficient to cause the disease. Cardiomyopathy can
be part of a systemic disease (e.g., amyloidosis), syndrome
(e.g., Noonan syndrome), muscular disease (e.g., limb girdle
muscular dystrophy), or an isolated cardiac disorder.

Like the definition of cardiomyopathy, the classification
of subtypes of cardiomyopathy has always been a matter of
hot debates, reflecting the complexity of the topic and the
plethora of clinical pictures and entities as well the ever-
increasing knowledge on the underlying mechanisms of dis-
ease, including new insights acquired by molecular genetics.
Indeed, the number of PubMed-indexed papers on ‘“‘cardio-
myopathy” and “genetics” has greatly increased over the
years (Fig. 3.1). Of note, the classification of cardiomyopa-
thies by ESC differs substantially from the American Heart
Association (AHA) classification. The AHA focuses more
on the underlying mechanism and first distinguishes
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“genetic” and “acquired” forms of cardiomyopathies, and by
the same token, the Americans, for instance, also consider
ion channel disorders to be forms of (genetic) cardiomyopa-
thy [2]. In contrast, the vantage point of ESC Working Group
on Myocardial and Pericardial Diseases is the clinical phe-
notype as presented to the attending physician, in particular
the findings as obtained with echocardiography. Putting it
simply: is there a phenotype of left ventricular hypertrophy
vs. dilatation and systolic dysfunction vs. restriction vs.
arrhythmias and right ventricular involvement? In this chap-
ter, we largely adhere to the European classification, and we
thus discuss five different subtypes of cardiomyopathy:
hypertrophic cardiomyopathy (HCM), dilated cardiomyopa-
thy (DCM), arrhythmogenic cardiomyopathy (ACM),
restrictive cardiomyopathy (RCM), and non-compaction car-
diomyopathy (NCCM). Over the years however, we have
learned that there is substantial overlap between these car-
diomyopathies, both clinically and genetically. For example,
severe hypertrophic cardiomyopathy can progress to systolic
dysfunction with dilatation of the left ventricle [3]. If not
diagnosed before the dilatation started, this could therefore
be misdiagnosed as DCM and not as HCM. Likewise, DCM
is often accompanied by a certain measure of hypertrophy,
and in particular in the setting of limited dilatation of the left
ventricle and/or limited systolic dysfunction, the distinction
with HCM can be arbitrary. Also, the term arrhythmogenic
cardiomyopathy was coined to account for the fact arrhyth-
mogenic right ventricular cardiomyopathy is often accompa-
nied by some degree of left ventricular dilatation and/or
dysfunction [4]. In fact, left-dominant forms have been
reported with features otherwise typical for arrhythmogenic
right ventricular cardiomyopathy, including fibro-fatty
replacement [5]. The next step in the European classification
is the distinction between hereditary and nonhereditary
forms of cardiomyopathy. For instance, cardiomyopathy
with phenotype of hypertrophy (“hypertrophic cardiomyopa-
thy”’) can also be due to obesity or AL amyloidosis. Likewise,
cardiomyopathy with phenotype of dilatation and systolic
dysfunction (“dilated cardiomyopathy”) can also be due to
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Fig. 3.1 The number of PubMed-indexed papers on “cardiomyopathy” and “genetics,” on the y-axis, is shown per year, on the x-axis

myocarditis, anthracycline cardiotoxicity, etc. However, for
the purpose of this chapter, these forms of nonhereditary car-
diomyopathy will not be discussed further. All hereditary
cardiomyopathies are characterized by incomplete and age-
related penetrance. The proportion of individuals carrying a
pathogenic mutation with associated clinical symptoms
increases with age but virtually never reaches 100%. This
incomplete penetrance implies that some mutation carriers
will remain unaffected during their entire life. The onset of
symptoms is usually after adolescence or in early adulthood,
but children with severe forms of cardiomyopathy have been
described. Some of these cases have been associated with
multiple mutations [6, 7]. The type and severity of the dis-
ease and sometimes even cardiomyopathy subtype can vary
widely, even within families, a concept that is called variable
expression.

Hereditary cardiomyopathies are not only clinically vari-
able, but the genetic background is also heterogeneous. For
each cardiomyopathy, multiple disease genes have been
identified, and mutations in several genes can cause different
cardiomyopathy subtypes (Fig. 3.2). However, despite this
large overlap and numerous important exceptions, some
broad distinctions can be made. HCM is usually caused by
mutations in genes encoding constituents of the sarcomere,

and the same holds true for NCCM, whereas ACM is usually
due to mutations in genes encoding constituents of the des-
mosome. In contrast, DCM is indeed genetically highly het-
erogeneous (Fig. 3.3) [8]. The number of genes associated
with cardiomyopathies continues to increase and will con-
tinue to do so given the many genetically unsolved cases,
including familial ones (Fig. 3.4).

Hypertrophic Cardiomyopathy

HCM is the most prevalent cardiomyopathy, affecting an
estimated 1 in 500 individuals worldwide. Thereby it does
not fulfill the criterion for a rare disease, which is defined
as prevalence below 1:2000. HCM is the most common
cause of sudden cardiac death below the age of 35 years.
Familial HCM has long been recognized, mostly with an
autosomal dominant pattern of inheritance, and the first
mutation was identified in 1990 by the group of Seidman
et al. in the gene encoding the sarcomeric protein -myosin
heavy chain (MYH?7) [9, 10]. Soon afterward, mutations in
several other sarcomere genes were identified in HCM
families, resulting in the concept of genetic HCM as a dis-
ease of the sarcomere.



3 Introduction to Hereditary Cardiomyopathies

55

Fig. 3.2 Genetic
heterogeneity and overlap in
genes causing
cardiomyopathies. This figure
shows the genes underlying
hypertrophic cardiomyopathy
(HCM), dilated
cardiomyopathy (DCM),
arrhythmogenic
cardiomyopathy (ACM),
restrictive cardiomyopathy
(RCM), and non-compaction
cardiomyopathy (NCCM).
Modified from Van der Zwaag
PA. Genetic and clinical
characterisation of
arrhythmogenic
cardiomyopathy. Doctoral
Thesis, 2012 [http://irs.ub.rug.
nl/ppn/352159146]
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Fig. 3.3 The main proteins involved in cardiomyopathies. Indicated
are the sarcomeric proteins, which form the contractile apparatus; the
desmosomal proteins, which form the desmosome and connect one cell
to another; the cytoskeletal proteins, which connect the extracellular
matrix to the cells and connect various transmembrane proteins to the
sarcomere and the nucleus; and the nuclear envelope proteins. Mutations

The ESC HCM guideline provides clear tools for the
diagnostic workup, treatment, and risk stratification of
patients with HCM. In adults, HCM is defined by a wall
thickness >15 mm in one or more LV myocardial seg-
ments—as measured by any imaging technique (echocar-
diography, cardiac magnetic resonance imaging (CMR), or
computed tomography (CT))—that is not explained solely
by loading conditions. Both genetic and nongenetic disor-
ders can present with lesser degrees of wall thickening (13—
14 mm), justifying further investigations and in assumed
genetic cases also familial screening [11]. In sarcomeric
HCM, the LV hypertrophy is usually asymmetric and most
prominent at the interventricular septum. Concentric hyper-
trophy is more frequent in metabolic disorders and also sug-
gestive of hypertension. In its workup, several causes should
be excluded before considering HCM to be sarcomeric.
Pathology studies show that typical myocardial disarray dis-
tinguishes sarcomeric HCM from secondary LV hypertrophy
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in the encoding genes lead to aberrant function of the respective pro-
teins and to one of the cardiomyopathy subtypes. The sarcoplasmic
reticulum, where phospholamban controls SERCA2a, a Ca®* pump, is
not shown in this figure [8]. [Obtained with permission from
SpringerNature]

or, e.g., Fabry’s disease, where myocardial cells are expanded
with vacuolar spaces. The myocardial fibrosis can be appre-
ciated on CMR studies, showing late gadolinium enhance-
ment, and these abnormalities form a substrate for
arrhythmias.

Several red flags should raise awareness that the observed
ventricular hypertrophy in a patient may not be a sarcomeric
disorder and/or limited to the heart [12]. Childhood onset,
involvement of other organs, a family history suggestive of
an X-linked or autosomal recessive inheritance pattern, and
concentric hypertrophy all warrant further investigation into
metabolic, syndromic, and systemic diseases. In addition,
several electrocardiographic abnormalities may suggest spe-
cific diagnoses other than sarcomeric HCM, for instance, a
short PR interval, AV block, low voltages or very high volt-
ages, and extreme LVH. Metabolic causes include Pompe’s
disease, Danon disease, and Fabry’s disease [13]. Noonan
syndrome and LEOPARD syndrome are both RASopathies
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Fig. 3.4 Total number of genes associated with one or more cardiomy-
opathy subtype reported since 1990. The total number of associated
cardiomyopathy genes is shown by the black line. Per cardiomyopathy
subtype, the novel associated genes are listed since the first publication
in 1990 of a mutation in the MYH7 gene in HCM by Geisterfer-
Lowrance et al. [10]. Since many genes have been associated with mul-

that can display HCM. RASopathies are a group of syn-
dromes caused by mutations in genes that encode compo-
nents or regulators of the Ras/mitogen-activated protein
kinase (MAPK) pathway [14]. A systemic condition that can
mimic sarcomeric HCM is cardiac amyloidosis, which by
itself can be inherited as well due to mutations in the trans-
thyretin (77R) gene [15].

The ESC HCM guidelines recommend that patients
undergo a standardized clinical evaluation to estimate the
5-year risk of sudden cardiac death (SCD) using the HCM
Risk-SCD model. This model takes into account several vari-
ables, such as age, echocardiographic and Holter abnormali-
ties, and family history, to determine risk categories for
recommending ICD implantation. This online calculator can
be found at http://doc2do.com/hcm/webHCM.html.

Of all cardiomyopathies, the yield of genetic testing is the
highest in HCM. In a study by the Mayo Clinic, multivariate
analysis identified a number of positive predictors for a posi-
tive genetic test in a cohort of >1000 unrelated HCM patients,
tested for nine genes. Illustrative of the role of environmental

tiple cardiomyopathy subtypes, the line of the total number of associated
genes is not the sum of all lines of the cardiomyopathy subtypes. Since
the previous edition of this book, 2 years ago, nine novel genes have
been implicated to cause at least one subtype of inherited
cardiomyopathy

factors is the fact that the presence of hypertension was iden-
tified as a negative predictor. A history of hypertension low-
ered the chance of a positive genetic test from 14% without
any positive or negative predictors to 6%. The overall genetic
yield in this cohort was 34% [16].

Dilated Cardiomyopathy

The criteria provided by Mestroni et al. are often used for the
diagnosis of DCM in cardiogenetics [17]. DCM is thus char-
acterized by systolic LV dysfunction (ejection fraction <45%
or fractional shortening <25%) in combination with LV dila-
tation (LV  end-diastolic volume/dimension >117%
(2SD + 5%) of the predicted value corrected for age and
BSA). In 2016, the ESC Working Group on Myocardial and
Pericardial Diseases proposed an updated description of
DCM, consisting of a preclinical or early phase and a clinical
phase. The latter is further divided into “true” DCM and
hypokinetic non-dilated cardiomyopathy, defined as LV or
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biventricular global systolic dysfunction without dilatation
(defined as LVEF <45%), not explained by abnormal loading
conditions or coronary artery disease [18]. As alluded to ear-
lier, in case a patient presents with DCM, underlying (nonge-
netic) diseases should be excluded first. By and large, in
about 50% of cases, such underlying disease/etiology can be
identified [19]. In the remaining 50% of cases (‘“‘idiopathic”
DCM), about one-third is likely attributable to a genetic
defect, i.e., a mutation in one of the genes implicated in
DCM. Dilated cardiomyopathy (DCM) is genetically the
most heterogeneous of all cardiomyopathies; at least 50 dif-
ferent genes have been implicated in DCM. The first were
the same sarcomeric genes as identified in HCM, and it was
shown that DCM-causing mutations had different molecular
properties when compared to mutations that cause HCM,
e.g., calcium handling. The yield per gene has been low until
the identification of titin (77N) mutations as most prevalent
cause of DCM in 2012 [20]. Titin was previously implicated
in DCM, but as the largest gene, consisting of 363 exons, it
was for a long time technically challenging and too costly to
screen the gene for mutations. Like in the setting of HCM,
there are red flags that may suggest a specific genetic defect
[12]. DCM with AV block is thus suggestive of a mutation in
LMNA (the gene encoding lamin A/C, the major constituents
of nuclear lamina) or in DES (the gene encoding the interme-
diate filament desmin) [21, 22], whereas DCM with
extremely low voltage is a hallmark of the Dutch PLN
p-Argl4del founder mutation [23]. In addition, the clinician
should be aware of and look for extracardiac features like
learning difficulties and deafness which may point to mito-
chondrial disease or muscle weakness which is among others
suggestive of a mutation in LMNA or DES. Of note, a recent
study showed that the yield of pathogenic variants is simi-
larly high in DCM patients and patients with hypokinetic
non-dilated cardiomyopathy [24].

As a general rule, therapeutic management of patients
with DCM should be performed according to the ESC guide-
lines for heart failure, including device therapy (CRT, ICD)
[25]. However, in selected cases, knowledge of the underly-
ing genetic defect should be taken into consideration in terms
of therapeutic choices, in particular timing of ICD implanta-
tion. Whereas ICD implantation should generally be consid-
ered in cases of left ventricular ejection fraction <35%,
patients with DCM due to a LMNA mutation have a high risk
for malignant arrhythmias even in the setting of relatively
preserved left ventricular ejection fraction, and they should
receive an ICD when ejection fraction drops below 45%
when an additional risk factor is present, i.e., non-missense
mutation, male sex, and the presence of non-sustained VTs
[26]. The same holds true for patients with arrhythmogenic
cardiomyopathy due to the Dutch PLN p.Argl4del founder
mutation: a left ventricular ejection fraction <45% portends
a poor prognosis regarding malignant arrhythmias and car-

diac arrest/sudden death, and these patients should also be
considered for ICD implantation [27]. On the other hand, the
available data suggest that DCM due to 77N mutations may
behave more benign, in terms of both malignant arrhythmias
and progression to advanced heart failure [28, 29]. These
examples show that genetics may have a considerable impact
on clinical management in individual patients with DCM, in
terms not only of establishing a specific diagnosis but also
regarding therapeutic choices.

Arrhythmogenic Cardiomyopathy

ACM was first described in 1982 as “right ventricular dyspla-
sia” by Marcus et al. [30]. These patients were characterized
by life-threatening ventricular arrhythmias, originating from
the right ventricle (RV). The cause of the disease was believed
to be a developmental defect of the myocardial tissue of the
RV. However, the finding that the RV myocardium is subject
to cell death and is subsequently replaced by fibrous and fatty
tissue, interfering with electrical conduction of the heart and
resulting in arrhythmias, later led to the concept of arrhyth-
mogenic right ventricular cardiomyopathy (ARVC). In addi-
tion to this classic form of ARVC, biventricular and
left-dominant forms have been recognized, and therefore
nowadays, the term ‘“arrhythmogenic cardiomyopathy”
(ACM) is increasingly used [31, 32]. The estimated preva-
lence in the general population ranges from 1 in 1000 to 1 in
5000, and men are more frequently affected than women [33].

The current diagnostic criteria were published in 2010 as
the modification of the original task force criteria in 1994,
comprising six different categories, including structural and
histological findings, depolarization and repolarization
abnormalities, arrhythmias, and family history [34, 35].
ACM is considered a disease of the cardiac desmosome
(Fig. 3.3) following the identification of mutations in two
genes encoding desmosomal proteins, plakoglobin (JUP)
and desmoplakin (DSP), in syndromic forms of ACM called
Naxos disease and Carvajal disease, respectively [36, 37].
Plakophilin 2 (PKP2) is the most prevalent mutated gene in
ACM. Mutations in several non-desmosomal genes however
have also been identified, including PLN, TMEM43, and
SCNSA [23, 38, 39]. ACM is a nice example of the added
value of genetics in terms of providing insight into the
pathophysiology.

In 2015, an international task force published a consensus
statement on the treatment and management of ACM. These
recommendations deal with electrophysiological studies,
lifestyle changes such as restriction from competitive sports,
pharmacotherapy, catheter ablation, and ICD implantation.
These recommendations are useful for all healthcare profes-
sionals dealing with ACM, especially those who are not very
familiar with this rare disease [40].
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Restrictive Cardiomyopathy

RCM is characterized by impaired filling of the ventricles in
the presence of normal wall thickness and normal systolic
function. RCM can be part of systemic, inflammatory, or
storage diseases, but it also occurs in isolated form and is
often associated with sarcomeric mutations (Fig. 3.2) [41].
RCM is the least common cardiomyopathy subtype and can
be observed in a variety of cardiac or multi-organ diseases
such as Loffler’s endocarditis, amyloidosis, sarcoidosis,
hemochromatosis, and Fabry’s disease [42]. Furthermore,
RCM is found in patients who have undergone radiotherapy,
for instance, for Hodgkin’s disease [43].

As for other sarcomeric cardiomyopathies, different car-
diomyopathy subtypes have been observed within families
and for RCM mostly in combination with HCM [44]. There is
no consensus regarding diagnostic criteria for RCM, but in a
case of heart failure with abnormal diastolic function but pre-
served contractility, and no signs of other cardiomyopathy
subtypes such as dilatation or hypertrophy, the diagnosis
should be considered. Of the cardiomyopathies, RCM has the
worst prognosis, especially in children, as a cardiac transplant
is often necessitated within only a few years after diagnosis.

The relatively common scenario of a severely affected
child with RCM of apparent healthy parents is usually attrib-
utable to the fact that the sarcomeric mutation occurred de
novo. Mutations in the gene encoding the sarcomeric con-
tractile protein troponin I (TNNI3) appear to be the most fre-
quent [45, 46]. As in DCM, the presence of a conduction
defect, especially AV block, in patients with RCM could
unmask a DES mutation [47].

Non-compaction Cardiomyopathy

NCCM, also referred to as left ventricular non-compaction
(LVNC), is an enigmatic disorder. Although it is a rare form
of cardiomyopathy, it is relatively often diagnosed as a
chance finding, in particular during echocardiography, per-
formed for another reason. The wall of the left ventricle is
thus found to be “non-compacted,” i.e., in addition to the
normal compacted wall (outer layer), there is an inner layer
of meshy myocardium with trabeculations and recesses.
According to the Jenni criteria, the ratio of the thickness of
the non-compacted layer and the compacted layer should
exceed 2 (end-systolic) at parasternal short-axis view on
echocardiography for NCCM to be diagnosed [48]. However,
this echocardiographic definition is highly arbitrary since
there is no gold standard for NCCM, which is also exempli-
fied by the fact that other criteria are used when CMR is
performed. In terms of the etiology, there also is much con-
troversy. NCCM can be part of a syndrome (e.g., Barth syn-
drome) or a congenital heart defect (e.g., Ebstein’s anomaly),

or it can present as an isolated hereditary cardiomyopathy.
But even in the latter case, the picture is not always clear and
there is often overlap with DCM and HCM. Moreover, in
families with, for instance, HCM, some individuals may
present with NCCM. This close association is supported by
the fact that the most commonly implicated genes in HCM
and NCCM are the same, i.e., MYH7 and MYBPC3 [49].
Another important observation is that individual patients
may progress from one form of cardiomyopathy to another,
in particular from NCCM to DCM. NCCM is thus a striking
example of the clinical and genetic heterogeneity of cardio-
myopathies, and taking all this into consideration, some
investigators even question whether NCCM should be con-
sidered a separate entity. However, for the clinician taking
care of patients with alleged NCCM, some points should be
kept in mind. Due to the recesses, there is chance for throm-
bus formation and embolic events, and anticoagulation ther-
apy should be considered, in particular in case of concomitant
left ventricular dysfunction. In addition, some patients with
NCCM may develop heart failure, and there is also a propen-
sity for malignant arrhythmias, and as a general rule, the
guidelines for heart failure (including device therapy) should
be applied. As such, NCCM is not always a benign chance
finding, and it may have serious consequences for the patient,
and it gives reason for family screening.

Given the complexity of cardiomyopathies in terms of the
phenotype, extracardiac (organ) involvement, genetics, and
etiology, a group of experts have proposed a new classifica-
tion, the MOGE(S) classification [50]. They identified five
attributes:

(M) The “morphofunctional” notation provides a descriptive
diagnosis of the phenotype, for instance, DCM (Mp),
HCM (My,), etc.

(O) “Organ involvement” is notated as heart only (Oy) or
involvement of other organs, for instance, kidney (Og),
skeletal muscle (Oyy), etc.

(G) “Genetics” provides information on the mode of inheri-
tance, for instance, autosomal dominant (G,p), X-linked
(Gxyp), etc.

(E) “Etiology” adds to the description of the underlying
cause, including the gene/mutation, for instance, in case
of HCM (Eg, myn7) or DCM due to myocarditis second-
ary to Ebstein-Barr virus infection (Eyggy)

(S) “Heart failure stage” pertains to AHA/ACC stage of
heart failure (A-D) and the NHYA functional class (I-
1V), for instance, S,_;.

In the article, the authors provide numerous examples of
how this classification works. Just to name one: in a male
with Fabry’s disease with a phenotype of “HCM,” with
involvement of the kidney, due to a mutation in GLA, the
gene encoding galactosidase-a, the MOGE(S) annotation
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would be My Oy, Gx_1. EG.gLa.. For further details, the reader
is referred to this very interesting paper. The practical impli-
cations of the MOGES classification have already been
shown in several subsequent papers, including a study by
Hazebroek et al. [51]. These authors have applied the
MOGE(S) classification in a group of patients with DCM,
and using the classification, they convincingly showed the
importance of gene-environment interaction in terms of clin-
ical outcome.

Studies on induced pluripotent stem cells (iPSCs) from
cardiomyopathy patients have given great insights to further
elucidate the pathophysiology of cardiomyopathies. Such
approaches also enable large-scale studies on possible phar-
macological interventions, including precision medicine ini-
tiatives. These and other revolutionizing approaches are
outlined in Chap. 26 on gene therapy and induced pluripotent
stem cells. These are big steps forward in unraveling the
many intricacies of cardiomyopathies, but much work is still
to be done.

Take-Home Message

The five main cardiomyopathy subtypes, hypertrophic
cardiomyopathy, dilated cardiomyopathy, arrhythmo-
genic cardiomyopathy, restrictive cardiomyopathy, and
non-compaction cardiomyopathy, show substantial over-
lap, both clinically and genetically. For each cardiomy-
opathy subtype, multiple disease genes have been
identified, and mutations in several genes can cause dif-
ferent subtypes.

All hereditary cardiomyopathies are characterized by
incomplete penetrance, meaning that some mutation carriers
will remain unaffected during their entire life, and variable
expression, i.e., the type and severity of the disease can vary
widely, even within families. The availability of diagnostic
and management guidelines for different cardiomyopathies
should improve the outcome of these patients and aid the
clinician to identify the many rare presentations of cardio-
myopathies that all can be part of a wider spectrum of multi-
organ, systemic, or syndromic diseases.
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Hypertrophic Cardiomyopathy

Imke Christiaans, Perry M. Elliott, and Michelle Michels

Introduction

The British pathologist Robert Donald Teare is assumed to
be the first to describe hypertrophic cardiomyopathy (HCM)
in 1958 [1], although bulky hearts and hypertrophy in sudden
cardiac death (SCD) victims have been described centuries
earlier [2]. Nowadays, HCM is the most common monogenic
heart disease affecting at least 1 in 500 persons worldwide
and a known cause of SCD in the young [3-5].

This chapter discusses not only the epidemiology, diagno-
sis, pathophysiology, and therapy of HCM but also deals
with topics specific for cardiogenetic diseases like the genetic
background, risk stratification for SCD, and the screening
strategies in HCM families. It is intended to be of help for all
involved in the care for HCM patients and their families.

Etiology/Pathophysiology

Teare was the first to describe left ventricular hypertrophy
(LVH), the hallmark of HCM and its familial nature [1]. The
most common location for LVH in HCM is the anterior part
of the interventricular septum, giving rise to asymmetrical
LVH. Other forms of LVH, for example, concentric and api-
cal LVH, can also be found in HCM (Fig. 4.1). The apical
form seems to occur more frequently in East Asian patients
[6]. Teare also described a disordered arrangement of muscle
fibers at microscopic examination, now known as myocyte
disarray (Fig. 4.2) [1]. With electron microscopy, one can
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also notice a disordered arrangement of the myofilaments.
Myocardial disarray is not confined to the thickened parts of
the left ventricle (LV); LV regions with normal thickness can
also be disorganized [7]. Fibrosis is another feature of HCM
visualized by microscopy. Both fibrosis and myocyte disar-
ray are thought to be related to ventricular arrhythmias [8].
Besides hypertrophy, fibrosis, and disarray, abnormalities in
the intramyocardial small vessels are another pathological
finding in HCM. Vessels may show a thickening of the vessel
wall and a decrease in luminal size [9]. The anatomic changes
in HCM can be a substrate for arrhythmias, which may lead
to palpitations, syncope, and SCD.

In up to 60% of HCM patients, the disease is an autoso-
mal dominant trait caused by pathogenic variants in sarco-
mere protein genes. In these patients, the early pathogenesis
in HCM starts in this functional unit of contraction within
the cardiomyocytes. The sarcomere is a protein complex
divided into thick and thin myofilaments and proteins
involved in the cytoarchitecture of the sarcomeres, like pro-
teins in the Z-disc connecting the thin myofilaments of the
sarcomere (Fig. 4.3). It is hypothesized that the genetic
defect in a gene encoding a sarcomeric protein disrupts nor-
mal contraction and relaxation of the sarcomere and calcium
accumulates within the sarcomere. Myocytes in mice with
HCM display an inefficient use of ATP. This in combination
with the increased calcium sensitivity triggers a remodeling
process moderated by several transcription factors resulting
in hypertrophy of cardiomyocytes. The increased mass of
cardiomyocytes and inefficient use of ATP lead to an
increased energy demand. When this energy demand cannot
be met, ischemia can result in premature myocyte death and
replacement fibrosis [10].

In 5-10% of adult cases, other genetic disorders, includ-
ing inherited metabolic and neuromuscular diseases, chro-
mosome abnormalities, and genetic syndromes, cause HCM
[4]. Metabolic disorders can cause hypertrophy by accumu-
lation of metabolites in the heart. A relatively common meta-
bolic disease is Anderson-Fabry disease, which is X-linked,
and cardiac hypertrophy can be its sole disease symptom,
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Fig. 4.1 Hypertrophic cardiomyopathy septal morphological subtypes
based on standard echocardiography long-axis views taken at end dias-
tole (top). From left to right, sigmoid, reverse curve, apical, and neutral
subtypes. Figure adapted from: Echocardiography-guided genetic test-

especially in women [11]. Mitochondrial disorders can also
give rise to cardiac hypertrophy among other symptoms.
Disease severity, affected organs, and age of onset can vary
considerably in mitochondrial disorders [12]. Cardiac hyper-
trophy can also be part of a genetic syndrome with multiple
congenital abnormalities. The most frequent one is Noonan
syndrome, which can also be very mild and may present in
adulthood [13]. Infiltrative diseases like amyloidosis—both
genetic and nongenetic forms—can cause cardiac hypertro-
phy. In some populations, founder variants in the TTR gene
are present giving rise to a late-onset cardiac hypertrophy
without neurological symptoms [14].

Clinical Presentation

Not only can HCM present at any age, but the clinical course
is also variable, ranging from asymptomatic with a normal
lifespan to premature SCD or development of end-stage
heart failure. HCM in asymptomatic patients is detected by
coincidence because of a heart murmur or an abnormal ECG
made for screening purposes or during family screening in
family members from HCM families.

Symptomatic HCM patients often complain of exertional
dyspnea, chest pain, palpitations, or syncope. Embolic stroke

ing in hypertrophic cardiomyopathy: septal morphological features pre-
dict the presence of myofilament mutations. J. Binder, S.R. Ommen,
B.J. Gersh, S.L. Van Driest, AJ. Tajik, R.A. Nishimura and
M.J. Ackerman, Mayo Clin. Proc. 81 (2006), 459-467

can be the first presentation. In small infants, tachypnea,
poor feeding, sweeting, and failure to thrive can be present-
ing symptoms.

Symptoms in HCM are caused by the typical morpho-
logical changes in HCM. The thickening of the basal sep-
tum and the systolic anterior motion (SAM) of the mitral
valve cause a dynamic LV outflow tract (LVOT) obstruc-
tion in 20-30% of patients at rest, increasing with provo-
cation measures like Valsalva and exercise ([15], Fig. 4.4).
LVOT obstruction can cause exertional dyspnea and (pre)
syncope at exercise. Besides LVOT obstruction, symptoms
are often related to diastolic dysfunction with impaired
filling of the LV due to abnormal relaxation and increased
stiffness of the thickened myocardial wall, leading in turn
to elevated left atrial and LV end-diastolic pressures and
pulmonary congestion [16]. Systolic function is often
spared but can decline in patients with the so-called “end-
stage” form of HCM.

Palpitations caused by atrial fibrillation or ventricular
tachycardia are frequent symptoms in HCM. About 20% of
HCM patients will experience atrial fibrillation; it is associ-
ated with advanced age, congestive symptoms, and an
increased left atrial size. HCM patients with atrial fibrillation
have an increased risk of heart failure-related death, besides
the risk of cerebrovascular accidents [17].
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HCM Normal

Fig. 4.2 (a) Normal heart and heart with hypertrophic cardiomyopa-  cardiomyopathy. Figure derived from: Hypertrophic cardiomyopathy:
thy. (b) Heart muscle on microscopy with structured fiber pattern in the ~ from gene defect to clinical disease. Chung, MW, Tsoutsman, T,
normal heart and myocardial disarray in the heart with hypertrophic ~ Semsarian, C. Cell Research (2003) 13, 9-20
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Fig. 4.3 Main sarcomeric proteins. Figure derived from: Familial hypertrophic cardiomyopathy:basic concepts and future molecular diagnostics.
Rodrigues JE, McCudden CR, Willis MS. Clin Biochem 2009;42:755-765

Fig. 4.4 Apical four chamber echocardiography in a HCM patient.
Red arrow indicates the hypertrophic interventricular septum (>25 mm),
and the white arrow indicates systolic anterior motion of a mitral valve
leaflet in the left ventricular outflow tract

Genotype Specific

Cardiac hypertrophy can also be caused by non-sarcomeric
genetic and nongenetic disorders (Table 4.1). In most of
these disorders, the heart is not the only affected organ, and
patients complain of other symptoms or have other signs of
organ involvement. It is important to be aware of any so-
called red flags during evaluation of a HCM patient
(Table 4.2).

Clinical Diagnosis

The clinical diagnosis of HCM is made when the maximal
wall thickness of the LV is > 15 mm (in children >2 SD than
the predicted mean (z-score > 2)) in the absence of other car-
diac or systemic diseases that may cause cardiac hypertro-
phy, such as aortic valve stenosis and arterial hypertension
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[4]. In first-degree relatives of HCM patients, the diagnosis
can be made if LV wall thickness >13 mm is present [4].
Many other abnormalities in a relative of a HCM patient like
diastolic dysfunction and incomplete SAM of the mitral
valve can be interpreted as pre-phenotypic expression of the
disease. Especially, patients with mild hypertrophy and the

Table 4.1 Non-sarcomeric causes of HCM

Categories
Metabolic disorders

Examples

Anderson-Fabry disease, Danon disease,
PRKAG2 gene mutation-related HCM, Pompe
disease, carnitine disorders

Mitochondrial MELAS, MERFF

disorders

Neuromuscular Friedreich’s ataxia, FHL1 gene mutation-

diseases related HCM, DES gene mutation-related
HCM

Malformation Noonan syndrome, LEOPARD syndrome,

syndromes Costello syndrome, CFC syndrome

Infiltrative/ Amyloidosis

inflammatory

diseases

Endocrine diseases Pheochromocytoma, acromegaly, maternal
diabetes
Chronic use of certain drugs (anabolic

steroids, tacrolimus, hydroxychloroquine)

Other

Table 4.2 Differential diagnosis in hypertrophic cardiomyopathy

Mitochondrial
diseases

Sarcomeric
HCM
Clinical evaluation
Learning difficulties -
Deafness -
Visual impairment -
Paresthesia -

Carpal tunnel - - -
syndrome
Angiokeratoma - - -

+

+ + +

Electrocardiogram

Short PR interval - = —
Preexcitation - = —
AV block = + -
Low QRS voltage - = —
Echocardiography

Increased interatrial - — —
septum thickness

Increased AV valve - = -
thickness

Increased RV thickness
Pericardial effusion — = —
Concentric LVH — = —
Extreme concentric
LVH

RV outflow tract = = 4
obstruction

|
|
+

presence of possible other factors that can cause hypertrophy
diagnosis can be challenging. Common diagnostic dilemmas
are hypertrophy in a patient with hypertension, hypertrophy
in an athlete, and isolated basal septal hypertrophy in an
elderly person. Isolated basal hypertrophy is more common
in elderly persons, especially females, and can be differenti-
ated from HCM by the absence of familial disease and the
sigmoid form of the septum.

Differential Diagnosis

The etiology of HCM is diverse and the underlying cause
should be systematically searched [4].

Age is an important factor to take into account, for exam-
ple, TTR-related amyloidosis is a disease of mostly men over
the age of 65 years, and inherited metabolic disorders as a
cause of hypertrophy are much more common in neonates
and infants. A family pedigree can give insights in the mode
of inheritance, which is autosomal dominant in sarcomeric
HCM but X-linked in, for example, Anderson-Fabry disease.
Noncardiac symptoms and typical ECG and echocardiogra-
phy findings can also point to specific etiologies (Table 4.2).

Noonan
syndrome

Anderson-Fabry Amyloidosis Danon disease

-+
|
|

+
+ + +
|
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Molecular Diagnosis

Sarcomeric HCM is inherited as an autosomal dominant
trait. Currently, in more than half of the HCM patients, the
disease-causing variant can be identified [18]. Variants can
be located in many genes but are most often found in the
genes encoding sarcomeric proteins (Table 4.3, Fig. 4.3).
Sarcomeric genes can be divided in genes encoding for myo-
filament proteins and genes encoding for Z-disc proteins.
Most HCM patients are heterozygous for the variant, but
in 3-5% of cases, patients carry two variants in the same
gene (different alleles—compound heterozygous or homo-
zygous) or in different genes (digenic). This is generally
associated with a more severe phenotype with younger age
of onset (often <10 years) and more adverse events suggest-

Table 4.3 Genes associated with HCM and their detection rate

ing a gene-dosage effect [19, 20]. The two most frequently
mutated genes are MYBPC3 and MYH?7, encoding the sarco-
meric proteins cardiac myosin-binding protein C and beta-
myosin heavy chain, respectively (Table 4.1) [21]. Both
proteins are major components of the sarcomeric thick fila-
ment. In contrast to MYH7 and most of the other genes asso-
ciated with HCM, 70% of MYBPC3 pathogenic variants are
nonsense or frameshift and are predicted to result in trun-
cated proteins [22], causing haploinsufficiency. In the other
genes, missense variants are most frequent which create a
mutant protein that interferes with normal function (domi-
nant negative effect).

Since the discovery of the first genes for HCM, many
papers on genotype-phenotype correlations have been writ-
ten. At first specific variants, mainly in the MYH7 gene, were

Gene Name Detection rate

Sarcomeric

Myofilament

MYBPC3 Mpyosin-binding protein C 13-32%

MYH7 Beta-myosin heavy chain 4-25%

TNNT2 Troponin T2 0.5-7%

TNNI3 Cardiac troponin | <5%

MYL2 Myosin light chain 2 <5%

MYL3 Myosin light chain 3 <1%

TPM1 Alpha-tropomyosin <1%

ACTC Alpha-actin <1%

TNNC1 Troponin C <1%

Z-disc

ACTN2 Alpha-2 actinin 4-5%

CSRP3 Cysteine- and glycine-rich protein 3

LBD3 (or ZASP) Lim domain-binding 3

TCAP Titin-cap (Telethonin)

VCL Vinculin

TTN Titin

MYOZ2 Myozenin 2 <1%

Non-sarcomeric® Phenotype

PRKAG2 AMP-activated protein kinase gamma 2 LVH/preexcitation (Wolf-Parkinson-White syndrome)/

conduction disturbances

LAMP2 Lysosome-associated membrane protein 2 Danon disease

GLA Alpha-galactosidase Anderson-Fabry disease

PTPN11 Protein-tyrosine phosphatase non-receptor Noonan, LEOPARD, CFC syndrome
type 11

KRAS2 Kirsten rat sarcoma viral oncogene homolog ~ Noonan, LEOPARD, CFC syndrome

SOS1 Son of sevenless homolog 1 Noonan syndrome

BRAF1 V-RAF murine sarcoma viral oncogene CFC syndrome
homolog B1

MAP2K1 Mitogen-activated protein kinase kinase 1 CFC syndrome

MAP2K2 Mitogen-activated protein kinase kinase 2 CFC syndrome

HRAS Harvey rat sarcoma viral oncogene homolog Costello syndrome

GAA Glucosidase alpha acid Pompe disease

GDE Glycogen debranching enzyme Glycogen storage disorder I11

FXN Frataxin Friedreich’s ataxia

TTR Transthyretin Amyloidosis I

Mitochondrial DNA LVH “plus”

“Because of specific phenotype mutation detection rate is not provided
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described that were associated with a “malignant” phenotype
(decreased survival) [23]. So-called “benign” variants were
reported in families with normal longevity, as well [24].
These suggested “malignant” and “benign” variants have
been contradicted in many subsequent studies. Nowadays it
is believed that, possibly apart from rare exceptions, there
are no clear genotype-phenotype relations with respect to
magnitude of LVH and incidence of SCD [25]. Moreover,
genetic studies have revealed that not all carriers of a patho-
genic variant are clinically affected. This suggests the exis-
tence of modifier genes, which modulate the phenotypic
expression of the disease.

Non-sarcomeric genes have been associated with specific
phenotypes which include besides HCM almost always a
distinct noncardiac syndromic phenotype, like the PTPN11
gene in Noonan syndrome and the LAMP2 gene in Danon
disease. However, variants in the GLA gene, associated with
Fabry disease, can give rise to HCM without further symp-
toms of Fabry disease, especially in women [26]. PRKAG2
is the other non-sarcomeric gene which presents with an
exclusively cardiac phenotype. The cardiac phenotype is dis-
tinct and includes electrical preexcitation in addition to HCM
(Table 4.1) [27].

De novo variants and germline mosaicism occur very
rarely in HCM [28, 29]. Because most mutations are private,
many of the identified mutations are novel. In certain coun-
tries/populations, however, founder variants have been iden-
tified, in which haplotype analysis suggests a common
ancestor. These founder variants often comprise a large part
(10-25%) of the detected pathogenic variants in these coun-
tries. Founder variants have been found in the Netherlands
[30], South Africa [31], Finland [32], Italy [33], Japan, India,
[34], and in the Amish population of the United States [35].

Like in other genetic diseases, identified variants in HCM
patients can be pathogenic (disease causing), silent polymor-
phisms, or unclassified variants of which the pathogenic
effect is still unclear, also called variants of unknown signifi-
cance (VUS). According to guidelines of the Association for
Clinical Genomic Science, variants can be classified into five
subtypes: class 1, clearly not pathogenic; class 2, unlikely to
be pathogenic; class 3, unknown significance; class 4, likely
to be pathogenic; and class 5, clearly pathogenic. Because
pathogenicity is not completely clear for classes 3 and 4, the
laboratory should state in their report that follow-up studies,
like segregation analysis in the family, are needed to clarify
the significance of a variant. Nonsense or frameshift variants
are most often pathogenic because they are predicted to
result in a C-terminal truncated protein that is likely to be
nonfunctional. Moreover, due to the presence of two quality
controls, the nonsense-mediated mRNA decay-degrading
nonsense (truncated) mRNAs [36] and the ubiquitin-
proteasome-degrading aberrant proteins, [37] truncating
variants most often do not result in the formation of protein

at all and therefore lead to haploinsufficiency of the protein
encoded by the mutated allele in the cells. Missense variants
create a mutant protein that either interferes with normal
function (dominant negative effect) or assumes a new func-
tion. Often however it remains unclear if a missense variant
results in a protein with no or abnormal function.

The amino acid substitution in missense variants can give
some indications for pathogenicity. Missense variants at
codons conserved between species and isoforms are more
likely to be pathogenic than variants at poorly conserved
regions. Different in silico methods have been developed to
assess not only conservation but also the frequency of the
variant in the control databases, changes in protein structure,
and chemical and biophysical characteristics and interac-
tions. These in silico methods to define pathogenicity have to
be validated by comparison to a gold standard. Gold stan-
dards can be functional assays, frequently found variants
(e.g., founder variants), or segregation with the phenotype.
All of these potential standards, however, have their own
strengths and weaknesses [38—40]. Unclassified variants and
even polymorphisms in HCM-associated genes and other
genes may exhibit phenotype-modifying effects. In most
countries, functional analysis of uncertain variants and mod-
ifiers in HCM patients is currently performed in research set-
ting only and not used in clinical decision-making [38].

The main reason for genetic testing in HCM is to enable
genetic cascade testing in relatives which is a more cost-
efficient way of detecting relatives at risk of HCM and asso-
ciated HCM compared to clinical testing [41]. Because clear
genotype-phenotype relations cannot be made on an indi-
vidual basis, often the genetic test result in an affected patient
does not influence clinical evaluation, therapy, and prognosis
of the HCM patient. Exceptions can be made for double
mutations and non-sarcomeric genetic causes like Anderson-
Fabry disease.

Genetic testing in HCM has shifted from testing of a few
genes in order of frequency toward testing of large panels of
cardiomyopathy-associated genes, often including common
non-sarcomeric genetic causes like the GLA gene for
Anderson-Fabry disease. The latter is a form of next-
generation sequencing and has a higher yield of pathogenic
variants and a short turnaround time. On the other hand,
because more genes are evaluated including non-HCM genes
and genes of which little is known yet, the chance of VUS is
large. A lower number of tested genes make interpretation of
test results easier, with less VUS but also with a lower yield
of pathogenic variants. A high number of tested genes make
test interpretation more difficult and give rise to more VUS,
but the probability of detecting a pathogenic variant
increases. The yield of VUS (class 3 mutations) is around
30% for gene panels testing between 40 and 50 genes and
increases to around 40% if likely pathogenic variants (class
4 mutations) are also considered to be VUS [42]. In patients



70

I. Christiaans et al.

with signs of specific non-sarcomeric genetic causes of
HCM, therefore genetic testing can be targeted. With new
developments in diagnostic DNA testing and also increasing
knowledge on tolerated DNA variants, we constantly have to
reevaluate which test is best suited for which patient [42].

Disease Penetrance

HCM has long been regarded as a disease that mainly affects
young people. It was thought that penetrance, i.e., the pres-
ence of LVH, was complete at approximately 20 years of
age. Nowadays it is more and more recognized that not only
symptoms but also hypertrophy can develop at any point in
life.

Studies in carriers of a pathogenic variant show that dis-
ease penetrance is incomplete in adult life [43, 44]. The rela-
tionship between disease penetrance and the genotype
(defined as the mutated gene or a specific variant within a
gene) is still not completely resolved. Studies including a

large number of carriers of a pathogenic variant show no dif-
ference in disease penetrance between carriers of different
mutated genes [43].

Therapy

Management in HCM patients is directed toward control of
symptoms, risk stratification for and prevention of SCD, and
screening of relatives. Symptoms of dyspnea, angina, syn-
cope, and fatigue are appraised and treated (Fig. 4.5) [4, 45].
Prophylactic pharmacological treatment in asymptomatic
patients has not been proven to be effective in preventing
progression of the disease. Drugs are often the only avail-
able treatment modality for symptomatic patients without
LVOT obstruction. Negative inotropic agents like beta-
blockers and calcium antagonists have shown to relieve
symptoms. Beta-blockers decrease the heart rate which
results in a prolongation of the diastole and relaxation phase
of the heart and an increase in passive ventricular filling.

Lonaitudinal Genetically Overall ICD
%“%IWU-UI o< affected w/o HCM P High-risk SCD P> primary/secondary
P phenotype population prevention
- »| AF |——>| Cardioversion;
NO/T'Id Y pharmacologic
symptoms . .
Nodrugs [<€&— {Iovs sD Progressive r?te conltrc:.I,
risk) heart failure anticoagulation
symptoms
Verapamil
i| Afterload |: Drugs <
reduction Beta blockers Drugs
:| Diuretics | . .
' luretics : Disopyramide
E Digoxin
E E Drug Obstructive HCM :
: : refractory | structive HCM L__3]  Alternatives to
' Beta : symptoms (rest or provocation) surgery
i| blockers |: * /\
Spirono- i Alcohol
:| 1actone || End-stage g Non-obstructive HCM Surgery: septal DDD septal
H H (rest & provocation) myectomy pacing pt
ablation

Heart transplant

Fig. 4.5 Treatment strategies for patient subgroups within the broad
clinical spectrum of HCM. AF atrial fibrillation, DDD dual-chamber,
ICD implantable cardioverter defibrillator, SD sudden death. Figure
derived from: American College of Cardiology/European Society of
Cardiology clinical expert consensus document on hypertrophic car-
diomyopathy. A report of the American College of Cardiology

Foundation Task Force on Clinical Expert Consensus Documents and
the European Society of Cardiology Committee for Practice
Guidelines. Maron BJ et al.; Task Force on Clinical Expert Consensus
Documents. American College of Cardiology; Committee for Practice
Guidelines. European Society of Cardiology. J] Am Coll Cardiol. 2003
Nov 5;42(9):1687-713
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Besides, beta-blockers decrease LV contractibility and myo-
cardial oxygen demand and can possibly reduce ischemia in
myocardial microvessels. Verapamil, a calcium antagonist,
also has favorable effects on symptoms by improving ven-
tricular relaxation and filling. In patients with progressive
heart failure symptoms with LVOT obstruction, disopyra-
mide, a negative inotropic and type I-A antiarrhythmic drug,
can be used. In end-stage HCM, load-reducing drugs (ACE
inhibitors, angiotensin-II receptor blockers, diuretics, beta-
blockers, or spironolactone) can be used to alleviate symp-
toms of systolic failure [4, 45].

In obstructive HCM, invasive septal reduction therapy is
available if pharmacological treatment cannot alleviate
symptoms. Septal myectomy and alcohol septal ablation can
both be used in order to reduce the LVOT obstruction.
Myectomy has low operative mortality and brings effective
long-lasting improvement of symptoms. Alcohol septal
ablation is a percutaneous catheter technique, in which the
introduction of alcohol in the septal perforator branch of the
left anterior descending coronary artery mimics septal
myectomy. With the good selection of patients and in expe-
rienced hands, both therapies are successful in reducing
LVOT obstruction and complaints with a low risk of compli-
cations [46]. Selection of the best therapy for a specific
patient should be made based on the morphologic character-
istics of the HCM (i.e., the amount of hypertrophy, associ-
ated mitral valve abnormalities), comorbidities of the
patient, the presence of suitable septal arteries, and the
availability of experienced thoracic surgeons and interven-
tional cardiologists.

Indirect evidence suggests an association between exer-
cise and SCD. Intense physical activity (e.g., sprinting) or
systematic isometric exercise (e.g., heavy lifting) should be
discouraged. HCM patients should be advised to avoid
intense competitive sports and professional athletic careers.
Bacterial endocarditis prophylaxis is recommended in
obstructive HCM [4, 45].

Risk Stratification for SCD

In the past, HCM was seen as a disease with an ominous
prognosis, because of severe symptoms and high rates of
SCD (3-6% per year). These data, however, came from
highly selected patient populations of severely affected
patients treated in tertiary referral centers. These populations
underrepresented clinically stable and asymptomatic
patients. Recent reports with less referral bias indicate over-
all annual mortality rates from HCM of 1-2% (SCD and
heart failure-related death). Annual mortality from SCD
alone in HCM patients is 0.4—1% [47].

ICD Indications

Although the overall risk of SCD for HCM patients is low in
absolute terms, a small subset of patients is at much higher
risk of SCD. HCM patients, who survived ventricular fibrilla-
tion or symptomatic sustained ventricular tachycardia, are at
high risk of SCD and should receive an implantable cardio-
verter defibrillator (ICD) for secondary prevention. ICDs for
primary prevention in HCM patients are a challenge. Many
clinical risk factors for SCD have been identified but their
individual predictive value is low. In the ESC guidelines on
HCM, it is advised to estimate a 5-year risk of SCD using the
HCM  Risk-SCD  model  (https://www.escardio.org/
Guidelines/Clinical-Practice-Guidelines/Hypertrophic-
Cardiomyopathy), which is based on a set of prognostic clini-
cal variables [4, 48]. These clinical variables can be derived
from the risk assessment which involves clinical (age, syn-
cope) and family history of SCD, echocardiography, 48-h
ambulatory ECG, and an exercise test. An ICD is not recom-
mended if the estimated 5-year risk of SCD is <4% and other
clinical features potentially associated with a risk of SCD are
absent. In HCM patients with a calculated 5-year risk of SCD
between 4 and 6%, there is a class IIb recommendation for the
implantation of an ICD and in HCM patients with a risk >6%
a class IIa indication. The HCM Risk-SCD model has not
been evaluated in HCM patients <16 years, in professional
athletes, in patients with a previous myectomy or alcohol sep-
tal ablation, and in patients with cardiac hypertrophy with a
different etiology such as Anderson-Fabry disease.

In children, major risk factors for SCD are severe LVH,
unexplained syncope, non-sustained ventricular tachycardia,
and a family history of SCD. Cardiac hypertrophy in chil-
dren is considered severe if >30 mm or a Z-score >6. In the
presence of two or more risk factors, an ICD should be con-
sidered in children. If one risk factor is present, an individual
approach with consideration of the risk and benefits of ICD
implantation for the child and family should be followed [4].

In carriers of a pathogenic variant without LVH, the risk
of SCD is very low and clinical evaluation can consist of
ECG and echocardiography. If HCM becomes manifest,
clinical assessments should include an assessment of the risk
of SCD according to the HCM Risk-SCD model [4, 48].

Recommendations During Pregnancy
and Delivery

The physiological changes during pregnancy are mostly tol-
erated well by asymptomatic or mildly symptomatic women
with HCM. The hypertrophied LV can accommodate the rise
in blood volume, cardiac output, and the reduction of sys-
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temic vascular resistance and blood pressure. The most com-
mon causes of complications are caused by diastolic
dysfunction of the hypertrophied noncompliant LV, LVOT
obstruction, and arrhythmias [49]. The maternal mortality
rate is very low and limited to those patients with HCM who
were significantly symptomatic before pregnancy, had
impaired LV function before pregnancy, and/or had a high
LVOT gradient [50, 51].

In known HCM patients, the risk of pregnancy should ide-
ally be assessed and discussed with the patient before concep-
tion. Different classifications and risk scores have been
developed to estimate maternal risk; most risk scores included
the presence of LVOT obstruction as a risk factor. The modi-
fied World Health Organization (WHO) classification is the
best available risk assessment model for estimating cardio-
vascular risk and should be used to assess the risk [4, 52, 53].
Risk assessment should include a detailed history, physical
examination, and assessment of functional capacity and
New York Heart Association (NYHA) functional class, electro-
cardiogram, and echocardiography [4, 53]. Exercise testing is
used to assess functional capacity, heart rate response, and
exercise-induced arrhythmias. Current cardiac medication
and its use during pregnancy should be discussed with the
patient. Some medications might need to be adjusted to pre-
vent adverse fetal events

Follow-Up During Pregnancy

Development of heart failure symptoms is relatively uncom-
mon during pregnancy, occurring in <5% of previously
asymptomatic HCM patients and in 15% of the overall
cohort. Clinical deterioration is twice as common in patients
with LVOT obstruction compared to those without [51].

Women with a pathogenic variant without a cardiac phe-
notype don’t need specific cardiac follow-up during their
pregnancy.

Asymptomatic HCM patients with mild to moderate
LVOT obstruction with or without medication, well-controlled
arrhythmias, and maximal mildly reduced LV dysfunction
are at low to moderate risk and should be assessed each tri-
mester. Women with severe LVOT obstruction and symp-
toms despite medical therapy, poorly controlled arrhythmias,
or moderate LV dysfunction have a high risk of complica-
tions and should be followed (bi) monthly in specialized cen-
ters, by a multidisciplinary team [50].

Management During Labor and Delivery

By the end of the second trimester, the multidisciplinary team
should make a delivery plan. During labor, cardiac output is
increased by catecholamine-induced increase in heart rate and
stroke volume. Tachycardia will shorten the LV diastolic filling

period, decrease preload, and increase LVOT obstruction.
Venous return is impaired by the performance of the Valsalva
maneuver during labor and delivery, and this might also increase
LVOT obstruction. Substantial blood loss during delivery will
also lead to reduction of venous return and thus increases LVOT
obstruction. In a paper describing the association of cardiomy-
opathy with adverse cardiac events during delivery, one-fifth of
the HCM patients experienced either heart failure or arrhyth-
mias at delivery [54]. Asymptomatic women with mild disease
may go into spontaneous labor, for others, a planned vaginal
delivery is generally preferred. Compared to caesarean section,
vaginal delivery is associated with less blood loss and lower
infection risk. A caesarean section in general is indicated
because of obstetric indications. There is no consensus on abso-
lute contraindications for vaginal delivery, but in HCM patients
with severe LVOT obstruction, severe heart failure, or preterm
labor while on OAC, a caesarean section should be considered
[4, 50]. In HCM patients with a high risk of arrhythmias, moni-
toring of the heart rate and rhythm should be considered.
Epidural or spinal anesthesia should be used with caution, since
vasodilatation and hypotension can induce or increase preexis-
tent LVOT obstruction. Single-shot spinal anesthesia should be
avoided [4, 50].

The use of prostaglandins like oxytocin for the induction
of labor should only be given as a slow infusion, to avoid
hypotension and tachycardia [50].

In the case of severe blood loss or hypotension, fluids
should be used for volume replacement, and inotropes are
relatively contraindicated in HCM because of the poten-
tial induction or aggravation of LVOT obstruction. When
necessary, pure alpha-antagonists like phenylephrine are
preferred.

Clinical observation after delivery should be continued
for 2448 h because of the increased risk of pulmonary
edema due to fluid shifts postdelivery [4, 50].

Follow-Up Advices

HCM patients require lifelong follow-up to detect changes in
phenotypic expression, symptoms, and risk of SCD. In stable
patients a clinical evaluation including ECG, echocardiogra-
phy, and 48-h ambulatory electrocardiography should be
performed every 1-2 years. Symptom-limited exercise test-
ing should be considered every 2—3 years. CMR evaluation
may be considered every 5 years or earlier in case of progres-
sive disease [4].

First-degree relatives in whom the genetic status is
unknown should be seen with ECG and echocardiography
every 1-2 years between the age of 10 and 20 years and
every 2-5 years after the age of 20 years. Phenotype-negative
carriers of a pathogenic variant should be seen every 2 years,
including ECG and echocardiography, and every 1-2 years
between 10 and 20 years [4, 45, 55].
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Family Screening (Fig. 4.6)

Consensus documents and guidelines on HCM encourage
screening of relatives in order to enable early detection of
family members at risk. Identification of a disease-causing
variant in a HCM patient (the proband) implies the opportu-
nity of screening by means of predictive DNA testing in rela-
tives. DNA testing for HCM, and especially predictive DNA
testing in relatives, is becoming more common in most
developed countries but is still uncommon in non-Western
countries because health insurance does not cover the costs
of DNA testing and/or because genetic counseling is unavail-
able. Instead, most of these countries use clinical modalities
such as echocardiography and ECG to screen relatives on the
presence of disease.

It is advised that before genetic testing, pretest genetic
counseling is performed by a professional trained for this
specific task working in a multidisciplinary team. This holds
for probands as well as for relatives. Healthy children are
advised to undergo clinical or predictive genetic testing start-

ing from age 10, unless young children have been affected in
their family or a non-sarcomeric genetic cause has been
identified [4].

In a family where a definite pathogenic variant (class 5
variant) is detected, the most cost-efficient way to identify
relatives at risk for HCM is by genetic cascade testing. First-
degree relatives are often informed by the proband orally or
using a family letter composed by the physician, about the
possibility of predictive genetic testing. They can make an
appointment for counseling where the pros and cons of
genetic testing are discussed, after which a predictive DNA
test can be performed [54, 56]. Relatives without the familial
HCM variant can be reassured and don’t need cardiac
evaluation. Relatives who carry the familial HCM variant are
referred for cardiac evaluation.

If no pathogenic variant can be detected in a proband
with HCM or DNA diagnostics is not possible, first-degree
relatives of HCM patients (and SCD victims in the family)
still have a risk to develop HCM. DNA testing in these rela-
tives is impossible; they are advised to undergo regular car-

HCM proband

Genetic evaluation:

Clinical evaluation in a stable patient, including

- broad gene panel or

Genetic evaluation not
possible/available

risk stratification for SCD:

- ECG, 1x/12-24 months

Pathogenic mutation VUS

v
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v v

T

- echocardiography, 1x/12-24 months

A
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Fig. 4.6 Flowchart for clinical and genetic evaluation of HCM patients and their relatives
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diac evaluations. If a variant of unknown significance (class
3 or 4 mutation) is detected in a proband, one can try to
perform segregation analysis in the family. This can be done
by genetic testing of all affected relatives, but often there are
not enough available affected relatives to allow a mutation
to be reclassified as clearly pathogenic. Testing non-affected
relatives is of less value because of the age-dependent and
incomplete disease penetrance of HCM. Another option is
to offer relatives a combination of cardiac evaluation and
genetic testing. This can be of value in class 4 variants
(likely pathogenic). In class 3 variants, however, it is still
unclear if this results in more variants being reclassified,
while relatives can experience negative psychological
effects if they are found to be a carrier of the variant even
when they do not have a phenotype yet. If segregation is not
possible or does not result in a reclassification of the DNA
variant, first-degree relatives are advised to undergo regular
cardiac evaluations just as in families where no mutation has
been detected [4].

Take-Home Messages

1. Hypertrophic cardiomyopathy is the most common inher-
ited cardiac disease.

2. Pathogenic sarcomeric variants are responsible for more
than half of the HCM cases.

3. Genotype-phenotype correlations are weak.

4. Family screening, including genetic testing, is a cost-
effective way to identify family members at risk.
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Dilated Cardiomyopathy

Jason R. Cowan, Karin Y. van Spaendonck-Zwarts,

and Ray E. Hershberger

Introduction

Dilated cardiomyopathy (DCM) is characterized by impaired
left ventricular systolic function and left ventricular dilata-
tion (see Section “Clinical Diagnosis”). Of many clinically
detectable causes, reviewed below, DCM used here refers to
dilated cardiomyopathy where all usual clinically detectable
causes (except genetic) have been excluded. DCM can be
asymptomatic but may present with heart failure, arrhyth-
mia, embolus from mural thrombus, or sudden cardiac death.
DCM, even when treated, has significant mortality. DCM 1is
the most prevalent indication for heart transplantation.

The first classification of the cardiomyopathies was made
in 1972 [1] and was reiterated by the World Health
Organization (WHO) in 1980 [2], defining DCM as myocar-
dial disease of unknown origin with impaired systolic func-
tion and dilatation of the left ventricle. The American Heart
Association (AHA) followed the updated 1995 WHO defini-
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tion [3] when it defined DCM as a disease of the myocar-
dium characterized by ventricular chamber enlargement and
systolic dysfunction with normal LV wall thickness [4]. The
European Society of Cardiology (ESC) narrowed the defini-
tion to a myocardial disorder with left ventricular dilatation
and left ventricular systolic dysfunction in the absence of
abnormal loading conditions, like hypertension or valve dis-
ease, or coronary artery disease sufficient to cause global
systolic impairment [5].

A revised definition of DCM was most recently proposed
in a 2016 position statement of the ESC in which DCM is
seen as a clinical spectrum with left ventricular dilatation,
impaired left ventricular function, conduction disease, and
arrhythmias. In this proposal, a new category of hereditary
non-dilated cardiomyopathy (HNDC) was introduced as part
of this spectrum, defined as left ventricular or biventricular
global systolic dysfunction without dilatation not explained
by abnormal loading conditions or coronary artery disease
[6]. Preclinical phases of DCM were recognized, including
isolated ventricular dilatation, which has been observed as an
early sign of DCM in relatives [7].

The prevalence of DCM has not been formally evaluated
with modern imaging methods. One early population-based
study, conducted from 1975 to 1984, yielded an age- and
sex-adjusted incidence of 6 per 100,000 person-years and a
prevalence of 1 in 2700 [8]. This number is undoubtedly a
substantial underestimate. A recent review used several
approaches to conclude that DCM may be more than tenfold
as prevalent at 1 in 250 [9].

DCM can be classified into idiopathic DCM (iDCM),
DCM secondary to other causes, and syndromic DCM, a dis-
order with both cardiac and extra-cardiac features. Familial
(fDCM) is defined when two or more closely related family
members have DCM with all usual clinically detectable
causes excluded [9, 10]. The European guidelines have also
included unexplained sudden death before the age of 35 in a
first-degree relative of a DCM patient as criteria to establish
fDCM [10]. Nongenetic DCM can be secondary to a number
of causes, including ischemic, structural, endocrine, toxicity,
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and environmental causes. Ischemic cause is excluded from
idiopathic DCM definitions. Coronary artery disease should
be excluded when assessing a DCM patient, especially in
males over 40 years and females over 45 years and even at
younger ages in the presence of significant coronary risk fac-
tors that include a strong family history of premature myo-
cardial infarction, hypercholesterolemia, or cigarette
smoking.

DCM can also occur as part of a neuromuscular or syn-
dromic disease with extra-cardiac features, including meta-
bolic, mitochondrial, and chromosomal disorders. This
category is also genetic but differs from genetic DCM
restricted to cardiac features with different genetic causes,
disease courses, and epidemiology. Childhood-onset DCM
has a more diverse etiology than adult-onset DCM and more
frequently falls into the latter category.

In this chapter, the clinical aspects of DCM will first be
covered. The focus will then shift to the clinical and molecu-
lar features of genetic DCM and family screening.

Clinical Presentation

Many DCM patients present from the fourth decade onwards
[11] with presenting manifestations including heart failure
(80-85%), arrhythmia (15%), and thromboembolism
(1-2%). DCM may also be diagnosed postmortem in patients
who died suddenly. Childhood-onset DCM also exists but is
less common and has a diverse etiology and broader differ-
ential diagnosis.

Before modern-era treatment, reported mortality of DCM
was 66% in 2 years [12]. With modern pharmaceutical and
device therapy, this number has dropped to 20% in 5 years
and 35% in 10 years [13, 14].

Etiology of DCM

DCM has a broad and mixed etiology with both genetic fac-
tors and nongenetic factors involved. An overview is given in
Table 5.1. When no clinically detectable cause (except
genetic) can be identified, DCM is called idiopathic iDCM).
Genetic causes are commonly identified in this category and
clinical screening of family members to detect familial DCM
(fDCM) has been recommended [15-18].

In most cases, genetic DCM has an autosomal dominant
inheritance pattern, typically with age-dependent penetrance
and variable expression. Rare, putatively causative variants
have been identified in more than 50 genes. Despite the num-
ber of associated genes [19], and although recent advances in
techniques have made it possible to test an increasing num-
ber of genes in patients in a diagnostic setting, a likely patho-
genic genetic defect is identified in 30-40% of fDCM cases

Table 5.1 Classification of DCM

Main classification
Nongenetic DCM

Subclassification/etiology with some examples

Ischemic

» Coronary artery disease (with or without
infarction)

Structural heart disease

 Valvular, congenital, pressure, or volume
overload

Toxins

* Chemotherapy (anthracyclines, alkylating
agents, Trastuzumab), alcohol

Infectious

e Viral (e.g., HIV), other infectious etiology
(e.g., Lyme)

Autoimmune

» SLE, noninfectious myocarditis

Infiltrative

¢ Amyloidosis, sarcoidosis

Endocrine

* Diabetes mellitus, hypo and
hyperthyroidism, Cushing/Addison disease

Metabolic

» Thiamine or carnitine deficiency,
hypocalcaemia, hypophosphatemia

Other

» Tachycardia, Kawasaki

Familial DCM, (apparently sporadic)

idiopathic DCM, a subset of PPCM

Neuromuscular

¢ Duchenne/Becker (DMD)

* Myotonic dystrophy (DMPK)

e Limb-girdle muscular dystrophy (LMNA,
SGCD, SGCB)

» Laing myopathy (MYH7)

e Myofibrillar myopathy (DES)

Syndromic/metabolic

 Carnitine deficiency (SLC22A5)

 Glycosylation disorders (DOLK or PGM1)

 Alstrom syndrome (ALMS1)

* Barth syndrome (7AZ)

Mitochondrial

e MIDD (maternally inherited diabetes and
deafness)

» Kearns-Sayre syndrome

Chromosomal disorders

* 1p36deletion syndrome

Genetic DCM

DCM as part of a
disorder with
noncardiac features

DCM divided in three categories, with subdivisions of each category
and some examples of DCM causes

[20-22]. Apparently sporadic iDCM can also have a genetic
cause [23-25], although whether this group has largely an
underlying genetic basis has not yet been resolved; neither
have its potential genetic mechanisms [9]. Part of this group
may actually represent fDCM, underdiagnosed because of
(age-related) low penetrance, the availability of only small
families, or incomplete testing of relatives. The presence of
more than one rare variant that may be relevant for disease in
up to a third of patients from one DCM cohort [26] and in
approximately one-fourth of families with lamin A/C
(LMNA) variants in another cohort [27] suggests that oligo-
genic mechanisms may be at play.
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DCM as part of a disorder with both cardiac and extra-
cardiac features can be due to a neuromuscular disorder,
inborn metabolism disorder, and malformation disorder. This
category of DCM is more common in childhood-onset
DCM. The age of onset and prognosis [28] differ between
various forms of childhood-onset DCM, as do the potentially
involved genes and inheritance patterns. Table 5.1 includes
this category with some of the most relevant childhood-onset
forms of DCM and the genes in which mutations cause dis-
ease. The origin of disease in this category of DCM remained
elusive in two-thirds of these cases [28]. Introduction of
genome-wide testing methods, like exome sequencing, has
lowered this number to approximately 50% [29, 30]. In the
rest of the chapter, the focus will be on adult-onset DCM.

Peripartum cardiomyopathy (PPCM) is defined as DCM
without detectable clinical cause presenting during preg-
nancy or in the months following delivery [31]. Considerable
debate remains regarding etiology, but a subset of PPCM has
been shown to have a genetic cause [32-36]. Still, a compre-
hensive understanding of the etiology of all PPCM patients
remains uncertain.

Myocarditis is an inflammatory disease of the myocar-
dium and is of infectious, autoimmune, or, in many cases,
unknown origin. It mostly resolves spontaneously but in
some cases progresses to DCM. It has been postulated that
myocarditis triggers disease onset in genetic DCM analo-
gous to certain cardiotoxic chemotherapeutic agents that
cause DCM [37, 38]. Whether a molecular genetic basis is
relevant for susceptibility, onset, or progression remains to
be explored.

Clinical Diagnosis

The diagnostic workup from clinical symptoms of DCM has
been recently described [39]. In every step of the diagnostic
process, information can be gathered that steers diagnosis
toward one or more of the many different causes of
DCM. Clinical characteristics that point to specific heredi-
tary forms of DCM are covered in Section “Molecular
Genetics.”

Clinical discovery of DCM usually starts with cardiac
symptoms, although, at times, DCM is identified serendipi-
tously in a presymptomatic stage (e.g., with an abnormal
preoperative ECG that leads to echocardiography). The next
step is a complete medical history and physical examination.
The personal and medical history should include known
medical causes of DCM and assessment of environmental
risk factors, including cancer chemotherapeutic agents, alco-
hol, drugs of abuse, and other possible environmental or
work exposures. The patient’s family history should be
recorded, focusing on family members with a history of car-
diomyopathy, heart failure, sudden cardiac death, cardiac

transplantation, pacemaker or defibrillator implantation,
stroke at early age, and skeletal muscle disease. If familial
disease is present, the family history can help to determine
the pattern of inheritance and may identify features specific
to the cause of DCM in the particular family. Physical exam-
ination of the patient should be directed toward cardiac and
extra-cardiac symptoms, such as skeletal muscle weakness.
In children, physical examination should also include dys-
morphic or syndromic features typical of childhood-onset
DCM. Because family history is known to be insensitive to
detect familial DCM, clinical screening of first-degree fam-
ily members is recommended in all cases to detect evidence
of asymptomatic DCM (see Section “Family Screening”).

An electrocardiogram (ECG) is indicated for all cardio-
vascular evaluations. Certain ECG findings are more com-
mon in some genetic types of DCM, like atrioventricular
conduction disease in LMNA [40]-, FLNC [41, 42]-, or DES
[43]-induced DCM. Rhythm abnormalities may also be
apparent.

Routine laboratory testing should be performed to assess
disease severity and to identify other causes or exacerbating
factors of left ventricular dysfunction and arrhythmias.
Specifically, endocrine dysfunction can be identified (high or
low thyroid hormone levels), and signs of infectious disease,
metabolic dysfunction, and/or nutritional deficiencies can be
found. Ischemic disease needs to be excluded, and, while a
variety of noninvasive imaging modalities are available, a
coronary angiography remains the gold standard.

Cardiac imaging is necessary to fully characterize the
degree of left ventricular dilatation and left ventricular sys-
tolic dysfunction. Echocardiography is the most widely
available imaging modality, which can be easily used to
assess cardiac function and ventricular dimensions.
Furthermore, echocardiography can implicate causes of left
ventricular dysfunction, like valvular dysfunction, regional
wall motion abnormalities suggestive of ischemic disease, or
a thick septum suggestive of infiltrative diseases such as
amyloidosis or sarcoidosis.

Most echocardiographic authorities have considered the
lower limits of normal of the left ventricular ejection fraction
(LVEF) to be 50%, from early M-mode echocardiographic
studies [44] to more recent US consensus documents [45].
Larger population-based studies suggest that the lower limit
of two standard deviations for adults is a LVEF of 52% [46,
47], although with modern imaging precision, this definition
may be too stringent. Current heart failure guidelines define
individuals with a LVEF between 40 and 49% as occupying
a gray area between reduced and preserved function [48-50].
Assessment of LV size has been more challenging, with ini-
tial efforts devised using M-mode (one-dimensional) echo-
cardiography for infants, children, and adults based on an
equation derived from 93 younger and 136 older subjects
[51]. These early efforts were updated with improved
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standards from a much larger cohort of 1099 adults without
known cardiovascular disease using a height- and gender-
based approach [52]. With proliferation of two-dimensional
echocardiography (2D-echo) M-mode-derived 2D-guided
measurements have been advocated. The recent US/European
consensus statements use gender-based approaches and BSA
to estimate LV dimensions [47].

Cardiac magnetic resonance (CMR) imaging can assess
cardiac function and morphology with much greater accu-
racy than echocardiography. CMR can also be used for tissue
characterization, which is helpful in the diagnosis of both
ischemic cardiac disease (late gadolinium enhancement) and
myocarditis (late gadolinium enhancement, TI1- and
T2-weighted images) [53, 54], amyloidosis, and sarcoidosis,
and may be used to detect fibrofatty replacement commonly
present in arrhythmogenic right ventricular cardiomyopathy
(ARVC) that may present with left ventricular involvement.

Diagnostic procedures should be supplemented with
genetic testing. This will be covered in Sections “Molecular
Diagnostics” and “Molecular Genetics.” The presence of
DCM in relatives from families with fDCM is assessed
according to less stringent criteria than in the index patient.
These criteria will be covered in Section “Family Screening.”

Clinical Therapy

Clinical management of DCM is pointed toward reducing
symptoms and mortality and should be completed in accor-
dance with ESC and ACCF/AHA guidelines [15, 49, 50, 55].
In short, therapy comprises ACE inhibitors or angiotensin
receptor blockers and beta-blockers to prevent or treat heart
failure and reduce morbidity and mortality in all patients,
aldosterone receptor antagonists in patients with NYHA
class II-IV HF and a LVEF of 35% or less to reduce morbid-
ity and mortality, and diuretics to alleviate symptoms. In cer-
tain patients, further medical therapy may be considered.
Exacerbating features such as ischemic disease or abnormal
loading conditions, including hypertension and valvular dis-
ease, should be treated. Patients on maximal medical therapy
may be considered for device therapy, for either reduction of
symptoms (biventricular pacemaker for cardiac resynchroni-
zation therapy) or primary prevention of sudden cardiac
death (implantable cardioverter defibrillator, ICD) to reduce
mortality.

Depending on the cause of hereditary disease, one may
augment therapy beyond usual guidelines. For instance,
mutations in certain genes give rise to more arrhythmias than
mutations in other genes. Especially in LMNA mutations, as
initially recommended in the US HFSA guidelines in 2009
[56] and reiterated in 2018 [16], the presence of various risk
factors [57] can guide early defibrillator device therapy.

Molecular Diagnostics

While genetic testing has been previously recommended for
fDCM, US guidelines have recently also advocated for
genetic testing of all iDCM cases, whether familial or spo-
radic [16, 17]. Genetic testing should be offered to all idio-
pathic DCM probands regardless of age. Children or infants
with cardiomyopathy should be referred to expert centers for
evaluation of syndromic forms of cardiomyopathy. Next-
generation sequencing (NGS) has become widely available
and has facilitated the almost universal use of panels of genes
for NGS-based testing. NGS has also made it possible to rou-
tinely test for the most common genetic cause of DCM: trun-
cating mutations in 7TN [20, 23, 26, 58-60], a gene so large
that NGS is necessary to make clinical testing feasible. The
selection of genes used for DCM testing panels varies con-
siderably but usually includes several dozen genes with vary-
ing degrees of evidence in support of their relevance for
DCM (Table 5.2). Variants identified in genes with little evi-
dence in support of their role in DCM in general should not
be used for predictive testing. Stated simply, variants identi-
fied in genes of unknown significance are inevitably variants
of unknown significance unless and until sufficient evidence
has been accumulated for that gene to establish it as a legiti-
mate cause of DCM. Rigorous curation of genetic causes of
cardiomyopathy is carried out by the US-based, international
effort, ClinGen, where both genes [204] and variants [205]
are being curated for disease relevance.

If signs of neuromuscular disease are present, testing of
particular genes with neuromuscular involvement increases
the diagnostic yield of genetic testing [25]. As the etiology of
childhood-onset DCM more often includes syndromic/meta-
bolic and neuromuscular disease, with other genes involved
than those tested in adult-onset DCM gene panels, the molecu-
lar diagnostic approach in these patients should be broader
than in adult-onset DCM. Whole-exome/whole-genome
sequencing (WES/WGS) is a good approach for childhood-
onset DCM as sequencing gives information on more genes
than those covered by gene panels, enables the discovery of de
novo mutations and novel disease genes [206], and may lead
to the identification of an unexpected underlying disorder.

A concern of NGS gene panels (and even more of whole-
exome/whole-genome sequencing) is that, as more genes are
tested, the number of identified variants of unknown signifi-
cance (VUS) and, by extension, patients receiving inconclu-
sive test results increases [207, 208]. Interpretation of the
genetic data is a challenge, especially since most pathogenic
variants are unique to a patient or his or her family - the
exception being for a few founder mutations. Ideally, patho-
genicity of a variant can be demonstrated by co-segregation
of disease and variant, combined with prior available reports.
Alternatively, functional analysis from in vitro data on the
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Table 5.2 DCM-associated genes commonly covered by clinical genetic testing panels®

Gene
Sarcomere
ACTCI (61,
62]

ACTN2
[63-66]

ANKRDI [67,
68]

FLNC [41, 42,
69]

MYBPC3 [24,
70-73]

MYHG6 [24, 70,
74]

MYH7 [75-77]

MYPN [70, 78,
79]

NEBL [80, 81]
TCAP [77, 82,
83]

TNNCI [24,
70, 84]

TNNI3 [24,
85, 86]
TNNT2 [70,
77, 84, 87-89]
TPMI [24, 90,
91]

TTN [22, 23,
58,59, 92-95]

Cytoskeleton
ALMS1
[96-98]
CAV3 [99]

CSRP3 [66,
71, 83]
CRYAB [100,
101]

DES [43, 70,
102-105]

DMD [62,
106-116]
FHL2 [117]

FKRP [118]
FKTN [119,
120]

ILK [121]
LDB3 [77,
122-124]

Protein

Actin, alpha cardiac 1

Alpha actinin 2

Ankyrin repeat domain 1

Filamin C
Myosin-binding protein
C

Myosin heavy chain 6,
alpha

Myosin heavy chain 7,
beta

Myopalladin

Nebulette
Telethonin

Troponin C, slow
Troponin I
Troponin T
Tropomyosin 1

Titin

Alms 1

Caveolin 3

Cysteine-rich protein 3
Crystallin, alpha 2

Desmin

Dystrophin

Four-and-a-half LIM
protein 2
Fukutin-related protein
Fukutin

Integrin-linked kinase
LIM domain binding 3

Disease associations/DCM-associated

features

DCM, HCM, LVNC, CHD

DCM, HCM

Heterogeneous phenotype, including
LVNC, arrhythmia, and SCD

DCM, HCM

CSD, mild skeletal MD, or mild elevated

CPK

DCM, HCM, RCM, ARVC, myopathy
CSD, arrhythmias, SCD

DCM, HCM, LVNC
SCD

DCM, HCM, CHD
Late onset, CSD

DCM, HCM, LVNC, myopathy

Early onset, CSD

DCM, HCM, RCM, myopathy

DCM, EFE
DCM, HCM, LGMD

DCM, HCM

DCM, HCM, RCM

DCM, HCM, RCM, LVNC

DCM, HCM, LVNC

DCM, HCM, ARVC, LGMD, myopathy,

MD

DCM, Alstrom syndrome

DCM, HCM, LQTS, LGMD, RMD,

myopathy

Reported in a family with RMD, CSD

DCM, HCM

DCM, myopathy
Late onset

DCM, ARVC, RCM, LGMD, SCPNK,

myopathy

Myopathy or muscular weakness, CSD

and arrhythmias, SCD
DCM, DMD, BMD

DCM

DCM, LGMD, MDDG
DCM, LGMD, MDDG

Early onset, muscle weakness

DCM

DCM, HCM, ARVC, LVNC, myopathy

Known
inheritance

AD

AD

AD

AD

AD

AD

AD

AD, AR

AD
AD, AR

AD
AD, AR
AD
AD

AD, AR

AR

AD, AR

AD

AD, AR

AD, AR

XL

Unk

AR
AR

AD

MIM# DCM
phenotype (associated
inheritance)

613,424 (AD)

612,158 (AD)

N/A

N/A
615,396 (AD)
613,252 (Unk)
613,426 (AD)
615,248 (AD)

N/A
N/A

611,879 (Unk)
611,880 (AR)
613,286 (Unk)
601,494 (AD)
611,878 (AD)

604,145 (Unk)

N/A

N/A

607,482 (Unk)
615,184 (AD)

604,765 (Unk)

302,045 (XL)
N/A

N/A
611,615 (AR)

N/A
601,493 (AD)

Estimated
fraction of
iDCM
<0.01

<0.01

Unk

0.02-0.04
0.02
0.04
0.04
0.03

Unk
<0.01

<0.01
<0.01

0.03

<0.01
0.15-0.20
(truncating
variants)

Unk

Unk

<0.01
<0.01

<0.01

Unk
Unk

Unk
Unk

<0.01
<0.01

(continued)
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Table 5.2 (continued)

Gene Protein

NEXN [125]  Nexilin

PDLIM3 [126] PDZ and LIM domain
protein 3

SGCD [127, Sarcoglycan, delta

128]

VCL [129] Vinculin/Metavinculin

Nuclear envelope

EMD [130] Emerin

LMNA Lamin A/C

[131-134]

TMEMA43 Transmembrane protein

[135] 43

TMPO [136,  Thymopoietin

137]

Nucleus

EYA4 [138] Eyes absent 4

GATADI [139, GATA zinc finger

140] domain-containing
protein 1

NKX2.5 NL2 homeobox 5

[141-143]

PRDM16 [144, PR domain-containing

145] protein 16

RBM20 RNA binding motif

[146-150] protein 20

TBX20 [151, T-box 20

152]

Ton channel

ABCCY [153] ATP-binding cassette,
subfamily C, member 9

SCN5A [77, Sodium channel,

154-160] voltage-gated type V,
alpha

Mitochondrial

SDHA [161] Succinate
dehydrogenase complex,
subunit A

TAZ Tafazzin

[162-164]

TXNRD2 Thioredoxin reductase 2

[165]

Lysosomal

LAMP2 Lysosome-associated

[166-168] membrane protein 2

Extracellular matrix

LAMA4 [121]

Laminin, alpha 4

Endoplasmic/sarcoplasmic reticulum

DOLK [169]
PLN
[170-177]
RYR2 [178]

Dolichol kinase
Phospholamban

Ryanodine receptor 2

Disease associations/DCM-associated
features

DCM, HCM

DCM

DCM, LGMD
DCM, HCM, LVNC

DCM, EDMD

Reported in family with mild MD
DCM, assorted laminopathies (see
OMIM 150330)

CSD, arrhythmias, skeletal muscle
weakness, SCD

DCM, ARVC, EDMD

DCM

DCM
Sensorineural hearing loss
DCM

DCM, CHDs, congenital hypothyroidism
Arrhythmias, SCD

DCM, LVNC

Childhood onset

DCM

Arrhythmias, SCD

DCM, CHDs

DCM, BrS, Cantu syndrome

CSD, arrhythmias

DCM, ARVC, BrS, LQTS, SSS, SIDS
CSD, arrhythmias

DCM, LVNC, Leigh syndrome,
mitochondrial complex II deficiency,
paragangliomas

Childhood onset

DCM, LVNC, Barth syndrome

DCM, glucocorticoid deficiencyCSD

DCM, HCM, Danon disease

DCM

DCM, CDG type Im

DCM, HCM, ARVC

Early onset and mortality, arrhythmias
DCM, LVNC, ARVC, CPVT
Arrhythmias

Known
inheritance
AD, AR
AD

AR

AD

XL

AD, AR

AD

AD

AD

AR

AD
AD

AD

AD

AD

AR, AD,

XL

AR

XL

AD

AR
AD

AD

MIM# DCM

phenotype (associated

inheritance)
613,122 (AD)
N/A

606,685 (Unk)
611,407 (Unk)
N/A

115,200 (AD)

N/A

N/A

605,362 (AD)

614,672 (AR)

N/A
615,373 (AD)
613,172 (AD)

N/A

608,569 (AD)

601,154 (AD)

613,642 (Unk)

N/A

N/A

300,257 (XL)

615,235 (AD)

N/A
609,909 (Unk)

N/A

Estimated
fraction of
iDCM
Unk

<0.01
<0.01

Unk

Unk

0.06

Unk

Unk

Unk

Unk

Unk
Unk
0.02 (hotspot),
? (non-hotspot)
Unk

<0.01

0.02

Unk

Unk

Unk

Unk

<0.01

Unk
<0.01

Unk
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Table 5.2 (continued)

MIM# DCM Estimated

Disease associations/DCM-associated Known phenotype (associated fraction of
Gene Protein features inheritance  inheritance) iDCM
Desmosomal
DSC2 [179, Desmocollin 2 DCM, ARV C/+keratoderma, woolly hair AD, AR N/A Unk
180]
DSG2 [180, Desmoglein 2 DCM, ARVC AD 612,877 (Unk) Unk
181]
DSP Desmoplakin DCM, ARVC, epidermolysis bullosa AD, AR N/A Unk
[181-186] DCM with keratoderma, woolly hair,

tooth agenesis
JUP [181, Plakoglobin DCM, ARVC, Naxos disease AD, AR N/A Unk
187]
PKP2 [181, Plakophilin 2 DCM, ARVC AD N/A Unk
188]
Other
BAG3 BCL2-associated DCM, myopathy AD 613,881 (AD) 0.03
[189-196] anthanogene 3 Early onset, worse prognosis with

nonsense variants
CHRM?2 [197, Cholinergic receptor, DCM AD N/A Unk
198] muscarinic 2 Earlier onset with milder disease
LRRC10 Leucine-rich repeat- DCMChildhood onset AD N/A Unk
[199-202] containing protein 10
RAFI [203] Raf-1 DCM, HCM, Noonan syndrome, Noonan AD 615,916 (AD) Unk

syndrome with multiple lentigines
(NSML)
Childhood onset

AD autosomal dominant, AR autosomal recessive, ARVC arrhythmogenic right ventricular cardiomyopathy, BMD Becker muscular dystrophy, BrS
Brugada syndrome, CDG congenital disorder of glycosylation, CHD congenital heart defect, CPK creatine phosphokinase, CSD conduction sys-
tem disease, DCM dilated cardiomyopathy, DMD Duchenne muscular dystrophy, EDMD Emery-Dreifuss muscular dystrophy, EFE endocardial
fibroelastosis, GR growth retardation, HCM hypertrophic cardiomyopathy, iDCM idiopathic dilated cardiomyopathy, LGMD limb-girdle muscular
dystrophy, LQOTS long QT syndrome, LVNC left ventricular non-compaction, MD muscular dystrophy, MDDG muscular dystrophy-
dystroglycanopathy, MGA methylglutaconic aciduria, SCD sudden cardiac death, SCPNK Scapuloperoneal syndrome, neurogenic, Kaeser type,
SIDS sudden infant death syndrome, SSS sick sinus syndrome, RCM restrictive cardiomyopathy, RMD rippling muscle disease, Unk unknown, XL
X-linked

Includes DCM genes offered by at least three dilated cardiomyopathy multigene testing panels from the following genetic testing services: Invitae,
Ambry Genetics, Fulgent Genetics, Prevention Genetics, GeneDx, EGL Genetics, Greenwood Genetics, Phosphorus Diagnostic LLC (as of Sept

26,2018)

variant or affected gene may give information on how likely
it is for the variant to cause disease. Finally, various software
tools can be used to classify variants by assessing the effect
of amino acid changes, splicing, and evolutionary variation.
These software-based approaches should be interpreted with
care, however, since their calls are merely predictions and for
diagnostic purposes should only be used in concordance
with other data.

Large reference databases, for instance the ExAC [209]
and gnomAD [210] browsers, have recently emerged and are
highly functional; however, large-scale sharing of identified
variants in clearly defined DCM cohorts remains a work in
progress [211]. The classification of variants has not been
systematically applied between commercial testing laborato-
ries or academic research groups, although guidelines have
now been drafted by the American College of Medical
Genetics and Genomics (ACMG) to aid in standardization of
variant interpretation practices between laboratories [212].
Further, variant classifications can also change over time as

more information on a particular variant is gathered. To be of
value, variant databases need to be updated regularly. Ideally
this requires continuous curation and worldwide collabora-
tion. The US-based Clinical Genetics Resource (ClinGen)
with its ClinVar database (http://www.ncbi.nlm.nih.gov/clin-
var/) proposes to collect and collate such data and has
recently started this effort [211].

Molecular Genetics

More than 50 genes have assertions of relevance for DCM,
although not all have been robustly shown to cause DCM
[19]. Genes with the most evidence in support of a causal
relationship to DCM include LMNA, RBM20, TTN, MYH7,
PLN, TNNT2, and a few others, with some having greater
support due to the prevalence of founder mutations [20,
23, 25, 26]. Most genes putatively involved in DCM code
for sarcomeric, Z-disk or cytoskeleton proteins, but, in
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Sarcomere

Fig. 5.1 Sarcomere/desmosome/cardiomyocyte structures (Hersh-
berger 2013). Genes relevant to genetic DCM encode a diverse set of
proteins. Some of the encoded proteins are illustrated in their cellular
and molecular context and those in which a DCM-associated mutation
has been identified in the coding sequence are indicated by a red star.
(a) The cardiomyocyte membrane (sarcolemma), transverse (T) tubule,
and sarcoplasmic reticulum. Mutations in the genes that encode the
ryanodine receptor and phospholamban (RYR2, PLN), which are impor-
tant proteins in the regulation of intracellular calcium, are known to
cause DCM. (b, ¢) The sarcomere is the force-generating structure in
cardiomyocytes and is comprised of several proteins including cardiac
actin (ACTC1), myosin-binding protein C (MYBPC3), myosin heavy
chains (MYH6, MYH7), myosin light chains (MYL2, MYL3), tropo-
myosin (TPM1), cardiac troponin C, troponin I, and troponin T
(TNNC1, TNNI3, and TNNT?2) and titin (T77N). (d) Desmosomal junc-
tions, which assist in force transmission during muscle contraction.

contrast to HCM and ARVC, genes encoding proteins of
diverse cardiomyocyte structures, functions, and pathways
can be affected (Table 5.2 and Fig. 5.1). The pathophysiol-
ogy through which variants in this diverse set of genes lead
to DCM varies and is not known for all genes. Clinical
overlap phenotypes at times occur in patients who have
signs of DCM and another cardiomyopathy. This is under-
standable from a genetic point of view, as several DCM
genes have been associated with one or more other cardio-
myopathies (e.g., MYH7 in DCM and HCM, DSP and PLN
in DCM and ARVC [182, 183, 213], NEBL in DCM, HCM,

! cellular"'
X

A\ space

'\
: }\

Variants in desmosomal proteins are associated with DCM, including
desmin (DES), desmocollin-2 (DSC2), desmoglein-2 (DSG2), and des-
moplakin (DSP). (e) The cardiomyocyte nucleus. Mutations in LMNA,
which encodes the lamin A and C filaments of the protein structure
associated with the inner nuclear membrane, and TMPO are associated
with DCM. (f) Cardiomyocyte membrane and extracellular matrix pro-
teins. Mutations in LAMA4, encoding an extracellular matrix protein,
have been found in patients with DCM. The proteins encoded by DES
and DMD are connected to the sarcomere and inner nuclear membrane
by cytoskeletal filament protein ACTGI1. Abbreviations: SIAR
B1-adrenergic receptor, DAG dystrophin-associated glycoprotein, DCM
dilated cardiomyopathy, DHPR dihydropyridine receptor (voltage-
gated L-type calcium channel), NCX sodium/calcium exchanger, SER-
CA2a sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2a. (Adapted
Jfrom Hershberger 2013 with permission)

and LVNC [80]). See also the respective chapters on these
cardiomyopathies.

Familial DCM often has an autosomal dominant pattern
of inheritance, but recessive [85], X-linked [106], and mito-
chondrial [214] inheritance patterns have also been reported.
Missense mutations are most common, although in-frame
insertions and deletions and frameshift, splice-site, and non-
sense mutations also occur.

Penetrance of familial mutations in most cases is age-
related, meaning that the probability that mutation carriers
will develop the DCM phenotype increases with age.
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Penetrance may also be incomplete. Even within one family,
the phenotype in mutation carriers who do develop disease
varies both in severity and clinical characteristics. For
instance, one relative may develop structural cardiomyopa-
thy while the other only develops conduction disease or
arrhythmia. The cause for incomplete disease penetrance and
varying disease expression is uncertain and largely unknown.
One hypothesis suggests that multiple hit models comprised
of one or more common or rare variants, likely in combina-
tion with environmental factors, may explain such pheno-
typic variation [26, 27]. This model implies a threshold for
disease, requiring one or more factors to reach the threshold
and cause disease. Environmental factors include general
DCM risk factors, sex, blood pressure, activity level, drug
and other toxicity exposure, and perhaps other specific phys-
iologic or endocrine factors such as pregnancy or the post-
partum state [215-222]. A recent study identifying more
severe systolic impairment in 77N-truncating variant carriers
who consume alcohol in excess [223] provides one example
and highlights the interconnected roles of genetics and envi-
ronmental factors in DCM.

TTN

Truncations in 77N, the gene encoding the sarcomeric pro-
tein titin, are to date the most common cause of fDCM,
although it is not certain that all truncating variants affecting
TTN cause DCM [59, 224]. Rare variants in TTN were first
implicated in DCM in 2002 [92, 93] and the advent of NGS
has made testing for mutations possible on large scale. The
first study to report on the prevalence of truncating 77N vari-
ants reported these variants in 25% of fDCM patients [23].
Complicating matters, this study also reported truncating
variants in TTN in healthy controls. As there are many iso-
forms of TTN, of which two are cardiac specific, not all trun-
cating variants are disease causing. Filtering for variants that
affect the cardiac isoforms still yields a prevalence of up to
22% [20, 22] and dramatically decreases the number of iden-
tified variants in controls [22, 225]. Whether all truncating
TTN variants are pathogenic in cardiac specific isoforms has
not yet been established [59, 224]. As prevalence and clinical
outcomes in patients carrying 77N missense variants do not
appear to differ from noncarrier patients [60], the potential
role of TTN missense variants, which average 23 per indi-
vidual, remains unclear.

LMNA

Variants in LMNA, coding for an inner nuclear envelope
protein, are known to cause a distinctive form of DCM that
may be characterized by progressive conduction system

disease and supraventricular and ventricular arrhythmias as
much as by contractile abnormalities. LMNA variants were
first shown to cause DCM in families in 1999 [131], a study
in which the association with conduction disease and
arrhythmias was already suggested. Long-term follow-up
demonstrated that disease penetrance in individuals with
pathogenic LMNA variants is high and that these mutations
are associated with high rates of heart failure, progressive
conduction system disease requiring pacemakers, and
malignant arrhythmias [40]. Because of this, ICD imple-
mentation may be considered even if usual guideline crite-
ria (e.g., specifying LVEF of less than 35%) have not been
met [15, 49, 50, 55] and should be guided more by the pres-
ence of the risk factors. These risk factors are non-sustained
ventricular tachycardia, ejection fraction of less than 45%
at first clinical contact or during follow-up, male sex, and
non-missense mutations [57].

Other Genes

As depicted in Table 5.2, some genes are associated with cer-
tain clinical characteristics. The presence of these may
inform genetic testing. In particular, some genes give rise to
arrhythmias or conduction disease more often than others,
with malignant phenotypes not only in patients with a muta-
tion in LMNA, as discussed above, but also in patients with
mutations in RBM20 [146-148] or FLNC [42, 69].

Family Screening
Familial DCM and Affected Relatives

Obtaining a detailed family history of at least three genera-
tions is essential in patients with idiopathic DCM to detect
evidence of familial disease. Furthermore, first-degree rela-
tives should undergo clinical cardiac screening to exclude
ventricular enlargement and systolic dysfunction or to detect
signs of subclinical DCM, as further set out below.

Familial DCM is diagnosed when two or more individuals
in a family have DCM and is suggestive if unexplained sud-
den death is documented before the age of 35 in a first-degree
relative of a DCM patient [10].

In the US literature, the definition of DCM in family
members has been the same as that for probands (LVEF
<50% with left ventricular enlargement) [226]. Revised 2016
ESC diagnostic guidelines [6] recognize both reduced LVEF
and unexplained left ventricular dilatation as independent
major criteria, emphasizing the progressive clinical spectrum
of DCM from preclinical to overt disease. Presence of a
causative genetic variant in a relative is weighted similarly to
other minor diagnostic criteria (arrhythmias, conduction dis-
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ease, and other nonischemic imaging and myocardial abnor-
malities) and probable disease is suspected when one major
criterion is present alongside at least one minor criterion or
the causative genetic variant. If a relative has another clear
cause for DCM features he or she is not considered as
affected in the context of familial DCM [10].

Considering the varying phenotypic expression of known
pathogenic variants and considerable age-dependent disease
penetrance, variant classification in fDCM families as well
as cardiac evaluation of patients may profit from less strin-
gent criteria, as in the revised ESC guidelines. However,
large, prospective, family-based DCM studies, accompanied
by comprehensive genetic screening, are needed to validate
these clinical criteria. Thus, thoughtful, thorough, and rigor-
ous assembly of individual phenotype, pedigree, and genetic
information by informed clinicians continues to be the main-
stay of detection, assessment, and care for patients with pos-
sible genetic DCM. Even more relevant, no large multicenter
or randomized clinical trials have been undertaken to halt
disease progression in family members with findings consis-
tent with early DCM.

Cardiac Screening of Relatives

Presymptomatic evaluation for DCM allows for early diag-
nosis [227, 228] and intervention, which may decrease mor-
bidity and mortality. Cardiac evaluation should be performed
in first-degree relatives of all DCM probands. Even if the
family history is negative, fDCM is regularly found after car-
diac screening in first-degree relatives. Evaluation should
minimally include medical history, physical examination,
ECG, and echocardiogram. Generally, in families with adult-
onset fDCM, cardiac evaluation should be started in first-
degree relatives at around 10-12 years of age and repeated
every few years [16, 18, 56], with frequency in part derived
from known genetic risk (positive genetic testing) or inferred
genetic risk (a first-degree relative with DCM without infor-
mative genetic testing results). The findings at evaluation in
an individual and disease characteristics specific to a family
may influence the age at which evaluation should start and
how frequent evaluations should take place in individual
cases. The steps described in the text are also set out in a
flowchart (Fig. 5.2).

Phenotype patient to validate

of genetic etiology.

¢ diagnostic criteria and establish likelihood ¢

Discuss clinical diagnosis, inheritance, and
indication for periodic screening in first-
degree family members.

Panel testing is indicated. Discuss testing
limitations and possible outcomes.

Positive family
history?

Regular cardiac screening of proband’s
at-risk family members is indicated.

Likely pathogenic or
pathogenic variant
identified?

Yes

Evaluation for affected relatives (or review
of medical records) is recommended. If
phenotype is confirmed screening for at-
risk family members is indicated.

A

Predictive testing for at-risk family
members is indicated. Discuss risk, test
limitations, and psychosocial issues
associated with predictive genetic testing.

At-risk family
member positive for the

Yes

variant identified
i{n proband?

Low frequent cardiac evalution in case
the identified variant is not the
disease-causing variant

No

<

Fig. 5.2 Flowchart of family screening steps/decisions. The approach
to the clinical evaluation and genetic testing of the relatives of a patient
with DCM is shown. Not shown in this figure is the case when a variant
of unknown significance (VUS) is identified in the patient or proband of

the family. In this case, if additional affected family members are iden-
tified with family screening, efforts should be undertaken to attempt to
move the VUS to a likely pathogenic or pathogenic classification
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Genetic Testing Approach

Genetic testing in the proband will, in almost all cases, be
performed by NGS by laboratories who offer a cardiomyop-
athy gene panel including several dozen or more genes
(Table 5.2). When testing large numbers of genes, at times
multiple rare variants in different DCM genes are identified.
Variants may be categorized as pathogenic or likely patho-
genic, a variant of unknown significance (VUS), or likely
benign or benign, after the US ACMG approach to variant
curation [212].

If a pathogenic or likely pathogenic variant is identified in
the proband, testing affected relatives to show that the vari-
ant segregates in all those with DCM validates the premise
that the identified variant indeed is the disease-causing allele.
Subsequently, healthy relatives can be tested for the mutation
to include or exclude them for regular cardiac evaluation.
Mutation-positive relatives should be offered cardiac evalua-
tion every 1-2 years. If the variant is still classified as likely
pathogenic, not only should regular cardiac evaluation be
offered to variant-positive relatives, but also low frequent
cardiac evaluation should be offered to variant-negative rela-
tives in case the identified variant is not the disease-causing
variant.

If a VUS is identified in the proband, affected relatives
may be tested for co-segregation of the variant and
DCM. Nevertheless, most families are too small to be infor-
mative enough to reclassify a VUS. If a VUS segregates with
DCM and the variant is reclassified as (likely) pathogenic,
further genetic testing and clinical follow-up should be per-
formed as described above. If a VUS remains classified as
such only regular cardiac evaluation and not genetic testing
should be offered to first-degree relatives.

If a likely benign or benign variant is identified, no further
genetic testing is indicated and regular cardiac evaluation
can be restricted to first-degree relatives. The identification
of a benign or likely benign variant does not exclude the pos-
sibility of a genetic cause, as in familial disease a mutation is
identified in only 40% of cases.

At times, relatives meeting a formal iDCM diagnosis will
not carry the familial mutation. In a series of 19 LMNA pedi-
grees 6 were shown to have 1 or more family members who
were negative for the familial LMNA variant, termed incom-
plete segregation pedigrees [132]. In five of the pedigrees the
LMNA variant-negative members were shown to harbor
pathogenic variants in other genes [27]. Such findings raise
the question of how frequently variants from more than one
gene are relevant in DCM. Individuals who do not carry a
familial variant but exhibit the family DCM phenotype have
traditionally been termed phenocopies, e.g., they show a
resembling phenotype that has been considered due to
another nongenetic cause. However, an alternative explana-
tion is a multigene model, where more than one rare variant

may be at play in an individual or a pedigree. This illustrates
how important it is to test all affected relatives in a family
and to perform cardiac evaluation in not only variant carriers
but also in noncarriers if a variant is not pathogenic as
described above and in the flowchart (Fig. 5.2).

Itis essential that genetic counseling accompanies genetic
testing. Further, since genetic testing and family evaluations
touch many common ethical, medical, and psychosocial
issues dealt with in clinical practice, it is recommended that
genetic evaluations be performed by specialized cardiolo-
gists, clinical geneticists, and/or genetic counselors working
in close collaboration. Patients and families should be
informed that, although genetic testing can identify relatives
at risk (thereby enabling early diagnosis and treatment), in
the majority of cases a causative mutation will not be found
and a VUS (uninformative for the family) may be identified.
This latter situation, where no actionable genetic information
can be derived from testing, is the case in more than half of
the families with fDCM. For these families, testing cannot
alleviate the uncertainty regarding genetic risk. Counseling
should also cover that, at times, this uncertainty, perhaps
exacerbated by continued clinical screening in asymptomatic
individuals, may cause discomfort and undue concern. Also,
if a causative mutation is found, the relatives who test posi-
tive for the mutation but are yet unaffected may have undue
anxiety about the uncertainty of their prognosis and the tim-
ing of possible disease onset. This uncertainty may also
influence individuals’ eligibility for employment, mortgages,
and life insurance as well as impact important life decisions
such as whether to have children and what profession to
choose.

Summary

Dilated cardiomyopathy is a complex cardiac disease char-
acterized by left ventricular enlargement and systolic dys-
function. Etiology includes both genetic and nongenetic
factors and age of onset and disease expression are variable.
Clinical management aims to reduce symptoms and mortal-
ity and should be completed in accordance with ESC and
ACCF/AHA guidelines. Rare causative variants have been
identified in >50 genes, many of which overlap with other
inherited cardiomyopathies, muscular dystrophies, and
genetic syndromes. Children or infants with DCM should be
referred for evaluation of syndromic forms of cardiomyopa-
thy. Inheritance of non-syndromic DCM is usually autoso-
mal dominant but can be autosomal recessive or X-linked.
Identification of a disease-causing variant in a proband
should spur targeted genetic testing in first-degree relatives,
regardless of affected status. Genetic counseling should
accompany all genetic testing and be provided as a vital
component of collaborative patient care.
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Take-Home Messages

* DCM is a disease with complex genetic and environmen-
tal etiology and high mortality.

* Genetic causes for DCM are common. A family history
should be taken in all idiopathic DCM probands and their
first-degree relatives should be offered clinical cardiac
screening. Children or infants with DCM should be
referred to expert centers for evaluation of syndromic
forms of cardiomyopathy.

e If a (likely) pathogenic variant is identified in a DCM pro-
band, first-degree relatives should be offered testing for
that variant, regardless of age and affected status.

e The availability of sequencing panels with dozens of
genes allows for more comprehensive testing of DCM
probands; however, the need for stringency and expertise
in the interpretation of rare variants becomes paramount.
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Arrhythmogenic Cardiomyopathy
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Introduction

Arrhythmogenic Cardiomyopathy (ACM) is a progressive
heart muscle disease characterized histologically by fibro-
fatty replacement of ventricular myocardium. It is relatively
rare, affecting approximately 1 in 1000 to 1 in 5000 people.
Patients typically present with ventricular arrhythmias
between the second and fourth decades of life. In early
stages, ventricular arrhythmias originating from the right
ventricle (RV) are most prominent, whereas usually in later
stages, structural and functional abnormalities occur, eventu-
ally leading to heart failure. In all stages, ACM can be the
cause of sudden death. However, sudden death most fre-
quently occurs in adolescence, mainly in athletes. From
autopsy studies, it is known that massive amounts of fibro-
fatty tissue can replace large parts of normal myocardium
even in young teenagers (Fig. 6.1).

The largest subcategory of ACM is arrhythmogenic right
ventricular cardiomyopathy (ARVC), in which the right ven-
tricle is primarily involved [1-3]. Overt left ventricular (LV)
involvement occurs in the later stages of this typical ARVC
pattern [4]. Subforms of ACM with early biventricular or pri-
marily LV involvement have also been described [4]. In addi-
tion, immunohistochemical analysis of human myocardial
samples demonstrated that on a molecular (desmosomal)
level, both ventricles are affected by the disease in all clinical
subtypes [5]. Therefore, the term ACM is favored as a more
appropriate terminology than ARVD, ARVC, ARVD/C, and
ARVC/D. However, these terms are still being used by many
authors, especially to denote the typical forms with appar-
ently predominant RV involvement. All subforms of ACM
are, similarly as classical ARVC, characterized by fibrofatty
alteration, and are associated with ventricular arrhythmias.
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Fig. 6.1 Histology of right ventricle of a 13-year-old girl who died
suddenly during exercise. AZAN staining (x400) with cardiac myo-
cytes (red), collagen (blue), and adipocytes (white). Shown is the typi-
cal pattern of ACM with strands of fibrosis reaching all the way to the
endocardium. Bundles of cardiac myocytes are embedded in between
the fibrotic strands, particularly in the subendocardial layers. These
interconnecting bundles of myocytes give rise to activation delay and
reentrant circuits, the typical electrophysiologic substrate for ventricu-
lar arrhythmias in ACM

The first series of ACM patients was published in 1982,
when it was called a disease in which “the right ventricular
musculature is partially or totally absent and is replaced by
fatty and fibrous tissue” [1]. At that time, the disease was
thought to be a defect in RV development, was therefore
classified as a “dysplasia” and called ARVD. In the years
since then, increased insight into the development of the dis-
ease as well as the discovery of pathogenic mutations
involved led to the current concept of ACM as a genetically
determined “cardiomyopathy” [3, 6].

The molecular genetic era provided new insights into the
pathophysiologic mechanism underlying ACM. The first
disease-causing mutation was discovered in patients with the
ACM subtype Naxos disease [7]. These patients carried an
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autosomal recessive mutation in the gene encoding the des-
mosomal protein Plakoglobin (JUP). Its discovery pointed
out research in the direction of other desmosomal genes.
Desmosomes are proteins important for cell-cell adhesion
and interaction, as will be discussed later on in more detail.
Until 2004, evidence for genes underlying the autosomal
dominantly inherited ACM had been very limited, with three
genes and six loci being identified [8—16]. The Desmoplakin
gene (DSP) was the first desmosomal protein gene mutation
to be associated with the autosomal dominant form of ACM
[16]. It was followed by the discovery of pathogenic muta-
tions in desmosomal protein-encoding genes Plakophilin-2
(PKP2), Desmoglein-2 (DSG?2), and Desmocollin-2 (DSC2)
[17-19].

There are small series of autosomal dominant ACM
being caused by mutations in non-desmosomal protein-
encoding genes, such as genes encoding the cardiac ryano-
dine receptor (RyR2), the transforming growth factor-f3
gene (TGFf3), and transmembrane protein 43 (TMEM43)
[14, 15, 20]. In the Netherlands, a founder mutation in the
gene encoding phospholamban (PLN) appears to be associ-
ated with a specific form of biventricular ACM [21]. In addi-
tion, pathogenic mutations in the genes encoding desmin
(DES), Lamins A and C (LMNA), Titin (TTN), aT-catenin
(CTNNA3), and Cadherin2 (CDH2), which binds pla-
kophilin, have been identified in patients with a clinical
diagnosis of ACM [22-25]. However, the causality of this
last group of mutations to ACM is not always proven, spe-

IDP

cifically for 7TN variants. Currently, mutations are discov-
ered in up to 60% of ACM patients, mainly in desmosomal
genes. In a cohort of more than 1000 ACM patients from
The Netherlands and North America, PKP2 mutations
where the most prevalent, accounting for approximately
40% of pathogenic mutations [26].

Etiology/Pathophysiology: Theory
of Desmosomal Dysfunction

Since pathogenic mutations in ACM patients are frequently
found in genes encoding desmosomal proteins, hypotheses
on the pathophysiologic mechanism underlying the disease
are predominantly based on desmosomal dysfunction.

Together with adherens junctions and gap junctions, des-
mosomes form the intercalated disks. Intercalated disks
enable the functional and structural integrity of cardiac myo-
cytes and are located between cardiac myocytes at their lon-
gitudinal ends. Desmosomes are important for cell—cell
adhesion and are predominantly found in tissues that experi-
ence mechanical stress: the heart and epidermis. They couple
cytoskeletal elements to the plasma membrane at cell—cell
adhesions. Desmosomes also protect other components of
the intercalated disk from mechanical stress and are involved
in structural organization of the intercalated disk. Figure 6.2
schematically represents the organization of the various pro-
teins in the cardiac desmosome.

IDP
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DSC2 DSG2 PG
Fig. 6.2 Schematic representation of the molecular organization of
cardiac desmosomes. The plasma membrane (PM) spanning proteins
desmocollin-2 (DSC2) and desmoglein-2 (DSG2) interact in the extra-
cellular space at the dense midline (DM). At the cytoplasmic side, they

interact with plakoglobin (PG) and plakophilin-2 (PKP2) at the outer

PKP2 DSP DES

dense plaque (ODP). PKP2 and PG interact also with desmoplakin
(DSP). At the inner dense plaque (IDP), the C-terminus of DSP anchors
the intermediate filament desmin (DES). (Reprint with permission from

Van Tintelen et al. Curr Opin Cardiol 2007)
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Although the functions of different parts of the interca-
lated disk seem clear, the exact mechanism through which
the mutations of desmosomal protein genes exactly cause
disease remains to be elucidated. Various hypotheses, all
based on the different functions of desmosomes, have been
proposed.

First of all, genetic defects in a desmosomal protein are
thought to lead to impairment in mechanical function pro-
voking detachment of myocytes at the intercalated disks,
particularly under the condition of mechanical stress (like
that occurring during competitive sports activity). Such
defective mechanical connection followed by mechanical
and electrical uncoupling of cardiomyocytes leads to cell
death with fibrofatty replacement. Interconnecting bundles
of surviving myocardium embedded in the fibrofatty tissue
lead to lengthening of conduction pathways (Fig. 6.1), and
load mismatch. This results in marked activation delay,
which is the pivotal mechanism for reentry and thereby ven-
tricular tachycardia (VT). Previous invasive electrophysio-
logic studies have, by various mapping techniques, confirmed
that sustained VT in patients with ACM is due to reentry cir-
cuits in areas of abnormal myocardium [27]. In this struc-
tural model, environmental factors such as exercise or
inflammation from viral infection could aggravate impaired
adhesion and accelerate disease progression. The right ven-
tricle might be more vulnerable to disease than the left
because of its thinner walls and its normal dilatory response
to exercise.

Second, basic studies have shown that impairment of
cell-cell adhesion due to changes in desmosomal compo-
nents may affect amount and distribution of other interca-
lated disk proteins, including connexin43, the major
protein-forming gap junctions in the ventricular myocar-
dium [28, 29]. This was shown for DSP and JUP, but altera-
tions in other desmosomal components such as PKP2,
DSG2, and DSC2 are thought to have similar effects.
Changes in number and function of gap junctions will
diminish intercellular electrical coupling. This may con-
tribute to intraventricular activation delay and the substrate
for reentry.

The third hypothesis involves the canonical Wnt/p-catenin
signaling pathway. Plakoglobin can localize both to the
plasma membrane and the nucleus. It was demonstrated that
disruption of desmoplakin frees plakoglobin from the plasma
membrane allowing it to translocate to the nucleus and sup-
press canonical Wnt/p-catenin signaling. Suppression of
Wht signaling by plakoglobin nuclear localization could pro-
mote the differentiation to adipose tissue in the cardiac myo-
cardium in patients with ACM [30].

Finally, redistribution of Nav1.5 due to reduced transpor-
tation of the channel toward the intercalated disk cell mem-
brane appeared to be related to reduced PKP2 [31].

Clinical Presentation

ACM patients typically present between the second and
fourth decade of life with VT originating from the right ven-
tricle. However, in a minority of cases of sudden death, fre-
quently already at a young age, is the first disease
manifestation [32-34].

Classical Form of ACM, Also Defined as ARVC

Based on pathologic and patient follow-up studies, four dif-
ferent disease phases have been described for the classical
form of ACM, which primarily affects the RV (Table 6.1).

1. Concealed phase in which clinical findings are frequently
absent, although minor ventricular arrhythmias and subtle
structural changes may be found. Although patients tend
to be asymptomatic, they may nonetheless be at risk of
sudden death, mainly during intense exercise.

2. The overt phase in which patients suffer from palpita-
tions, syncope, and ventricular arrhythmias originating
from the RV, ranging from isolated ventricular premature
complexes to sustained VT and ventricular fibrillation
(VF).

3. The third phase is characterized by RV failure due to pro-
gressive loss of myocardium with severe dilatation and
systolic dysfunction, in the presence of preserved LV
function.

4. Biventricular failure occurs due to LV involvement. This
phase may mimic dilated cardiomyopathy (DCM) and
may require cardiac transplantation.

Besides ventricular involvement, as indicated by histo-
pathologic and macroscopic morphological as well as ven-
tricular arrhythmias, the atria of the heart seem the be
involved as well. A recent study demonstrated that compared

Table 6.1 Different phases of disease severity

Phase
1. Concealed

Characteristics

Asymptomatic patients with possibly only minor
ventricular arrhythmia and subtle structural
changes

However, risk of sudden death

Symptoms due to LBBB VT or multiple
premature complexes, with more obvious
structural RV abnormalities

With relatively preserved

LV function

Significant overt

LV involvement

LBBB left bundle branch block, VT ventricular tachycardia, RV right
ventricle, LV left ventricle

2. Overt

3. RV failure

4. Biventricular
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to healthy controls, patients with ARVC have enlarged atria
with decreased function on functional cardiac magnetic reso-
nance examination. RA and LA parameters predicted the
incidence of atrial arrhythmias after adjusting for clinical
and ventricular characteristics, which suggests atrial involve-
ment in ARVC.

Other Forms of ACM

In the initially described classical form of ARVC, the RV is
primarily affected with possibly (in a later stage) LV involve-
ment. Two additional distinct patterns of disease have been
identified by clinicogenetic characterization of families.
These are the left dominant phenotype (also referred to as
“left dominant arrhythmogenic cardiomyopathy,” LDAC),
with early and predominant LV manifestations as frequently
seen in DSP mutation carriers, and the biventricular pheno-
type with equal involvement of both ventricles as seen in
TMEM43 and PLN mutation carriers.

Naxos Disease

All patients who homozygously carry the recessive JUP
mutation for Naxos disease have diffuse palmoplantar kera-
tosis and woolly hair in infancy [7]. Children usually have no
cardiac symptoms, but may have ECG abnormalities and
nonsustained ventricular arrhythmias [35]. The cardiac dis-
ease is 100% penetrant by adolescence, with symptomatic
arrhythmias, ECG abnormalities, right ventricular structural
alterations, and/or LV involvement. In one series of 26
patients followed for 10 years, 62% had structural progres-
sion of right ventricular abnormalities, and 27% developed
heart failure due to LV involvement. Almost half of the
patients developed symptomatic arrhythmias and the annual
mortality rate was 5.3%, which is slightly higher than seen in
autosomal dominant forms of classic ARVC. A minority of
heterozygotes have minor ECG and structural changes, but
clinically significant disease is not present.

Carvajal Syndrome

Carvajal syndrome is associated with a DSP gene mutation
and is also a recessive disease manifested by woolly hair,
epidermolytic palmoplantar keratoderma, and cardiomyopa-
thy [36]. First patients diagnosed came from Ecuador. The
cardiomyopathy part of Carvajal syndrome was first thought
to be mainly left ventricular, mimicking dilated cardiomy-
opathy. A number of patients with Carvajal syndrome suf-
fered from heart failure in their teenage years, resulting in
early morbidity. However, further research revealed that it is

characterized mainly by ventricular hypertrophy, ventricular
dilatation, and discrete focal ventricular aneurysms. In the
right ventricle, in particular, focal wall thinning and aneurys-
mal dilatation were identified in the triangle of dysplasia.

Clinical Diagnosis

Diagnosis of ACM can be very challenging and can only be
made when all other diseases causing VT episodes and struc-
tural RV/LV abnormalities have been ruled out (see section
on differential diagnosis). VF and sudden death may be the
first manifestations of ACM, occurring especially in young
patients (under 30 years of age). However, symptomatic
ARVC patients present with sustained monomorphic VT
with left bundle branch block morphology, thus originating
from the RV, in the third or fourth decade of life. First disease
presentation before the age of 11 years, as well as after the
age of 65 is very rare [34]. The occurrence of VT episodes is
usually driven by adrenergic stimulation and starts mainly
during exercise or in the early recovery phase after exercise,
especially during competitive endurance sports [37]. ACM is
a disease that shows progression over time [38].

The gold standard for ACM diagnosis is the demonstra-
tion of fibrofatty replacement primarily of RV myocardium,
determined at biopsy, surgery, or postmortem. Originally,
predilection sites for these structural abnormalities were
thought to be in the so-called triangle of dysplasia formed by
the RV outflow tract (RVOT), the apex, and the subtricuspid
region [1]. However, these observations were made mainly
in patients with advanced overt disease. Recently, evidence
was obtained that the disease process starts in the subepicar-
dial layers of the subtricuspid area, or in the posterolateral
LV wall. The RV apical area was only affected in advanced
stages [39]. Endomyocardial biopsies can provide myocar-
dium for histologic examination. However, biopsies have
major limitations. Tissue sampling from the affected RV free
wall is associated with a risk of perforation since this wall is
usually thin, especially in ARVC patients. Sampling from the
interventricular septum is relatively safe. However, the sep-
tum is histopathologically rarely affected in less advanced
ACM stages. In addition, even in potentially affected areas,
histology may be classified as normal because of the focal
nature of the lesions. Finally, ACM starts in subepicardial
and midmyocardial areas. Subendocardial layers are usually
not affected in an early stage of the disease. Therefore, histo-
logic diagnosis may be hampered by the nontransmural
nature of endomyocardial biopsies. However, septal endo-
myocardial biopsy may be useful to diagnose cardiac sar-
coid, a common differential diagnosis of ACM.

Since it is usually too hard to obtain material for histo-
logic analysis, a set of clinically applicable criteria has been
established for ACM diagnosis. These criteria were defined
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by a Task Force in 1994, and revised in 2010 [40, 41]. These
consensus-based international Task Force Criteria (TFC) are
considered the essential standard for clinical diagnosis
worldwide. They include six different groups of clinical
criteria:

Global or regional RV dysfunction and structural altera-
tions, tissue characteristics, repolarization abnormalities,
depolarization abnormalities, arrhythmias, and family his-
tory/genetics. Within these groups, diagnostic criteria were

Table 6.2 Diagnostic Task Force Criteria

2010 Task Force Criteria for ARVC Diagnosis*
1. Global or regional
dysfunction and

structural alterations

Major:
* By 2D echo.

assigned major or minor according to their specificity for the
disease. Every major criterion is scored as two points and
every minor as one point. In total, four points have to be
scored in order to fulfill ACM diagnosis, i.e., two major, one
major plus two minor, or four minor criteria. From each dif-
ferent group, only one criterion can be counted for diagnosis,
even when multiple criteria in one group are being fulfilled.
These 2010 TFC are listed in Table 6.2. It should be kept in
mind that these TFC are grafted on classical ARVC with pre-

— 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/
m?), PSAX > 36 mm (corrected for body size (PSAX/BSA) >21 mm/m?, or fractional area change <33%.

« By MRL

— Regional RV akinesia or dyskinesia or dyssynchronous RV contraction.
— And one of the following: ratio of RVEDV to BSA >110 mL/m? (male) or > 100 mL/m? (female), or RV ejection

fraction <40%.
e By RV cine-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 mm to <32 mm (corrected for body size [PLAX/BSA]
>16 mm/m? to <19 mm/m?), PSAX >32 mm to <36 mm (corrected for body size (PSAX/BSA) >18 mm/m? to
<21 mm/m?, or fractional area change >33 to <40%.

« By MRL

— Regional RV akinesia or dyskinesia or dyssynchronous RV contraction.
— And one of the following: ratio of RVEDV to BSA >100 mL/m? to <110 mL/m? (male) or > 90 mL/m? to
<100 mL/m? (female), or RV ejection fraction >40 to <45%.

II. Tissue
characterization of
wall

Major:

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 endomyocardial biopsy.

» Residual myocytes 60—75% by morphometric analysis (or 50-65% if estimated), with fibrous replacement of the RV
free wall myocardium in >1 sample, with or without fatty replacement of tissue on endomyocardial biopsy.

III. Repolarization
abnormalities

Major:

Minor:

* Inverted T waves in right precordial leads (V1, V2, V3) or beyond in individuals >14 years of age.

e Inverted T waves in leads V1 and V2 in individuals >14 years of age or in V4, V5, V6.
* Inverted T waves in leads V1, V2, V3, and V4 in individuals >14 years of age in the presence of complete right

bundle branch block.
IV. Depolarization/ Major:
conduction
abnormalities precordial leads (V1, V2, V3).

Minor:

» Epsilon wave (reproducible low-amplitude signals after the end of the QRS complex to onset of the T wave) in right

* Late potentials by SAECG in >1 of 3 parameters in the absence of QRS duration of >110 ms on the standard ECG.

¢ Filtered QRS duration (fQRS) >114 ms.

 Duration of terminal QRS <40 uV (low-amplitude signal duration) >38 ms.

* Root mean square voltage of terminal 40 ms <20 uV.

* Terminal activation duration >55 ms measured from the nadir of the S wave to the end of all depolarization
deflections, including R’, in V1, V2, or V3 in the absence of complete right bundle branch block.

V. Arrhythmias Major:

* Nonsustained or sustained ventricular tachycardia of left bundle branch block morphology with superior axis
(negative or indeterminate QRS in leads II, III, and aVF and positive in lead aVL).

Minor:

» Nonsustained or sustained ventricular tachycardia of RVOT configuration, left bundle branch block morphology with
inferior axis (positive QRS in II, III, and aVF and negative in aVL) or of unknown axis.
* > 500 ventricular extrasystoles per 24 h (Holter).

(continued)
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Table 6.2 (continued)

2010 Task Force Criteria for ARVC Diagnosis*
VI. Family History Major:

* ACM confirmed in a first-degree relative who meets current TFC.
* ACM confirmed pathologically at autopsy or surgery in a first-degree relative.
* Identification of a pathogenic mutation categorized as associated or probably associated with ACM in the patient

under evaluation.
Minor:

 History of ACM in a first- degree relative in whom it is not possible or practical to determine whether the family

member meets current TFC.

* Premature sudden death (<35 years of age) due to suspected ACM in a first-degree relative.
* ACM confirmed pathologically or by current TFC in second-degree relative.

“These in 2010 revised criteria focus on classic arrhythmogenic right ventricular cardiomyopathy, although negative T waves in left precordial
leads indicate left ventricular disease. MRI magnetic resonance imaging, PLAX parasternal long axis, PSAX parasternal short axis, BSA body sur-
face area, RV right ventricle, RVEDV right ventricular end-diastolic volume, SAECG signal-averaged ECG, ACM arrhythmogenic cardiomyopathy,

TFC task force criteria

dominant RV disease. In left-dominant ACM, however, their
applicability may be hampered by absence of LV imaging
and VT morphology criteria.

Specific examinations are recommended in all patients
suspected of ACM. In all patients suspected of ACM, the fol-
lowing methods should be used at least: history and family
history, physical examination, 12-lead ECG, 24 h Holter
monitoring, exercise testing, and at least one imaging method,
including magnetic resonance imaging (MRI) or transtho-
racic 2D-echocardiography with quantitative wall motion
analysis. Since MRI combined with late gadolinium enhance-
ment allows visualization of tissue alterations, as well as
evaluation of morphology and function in a single investiga-
tion, this technique is particularly useful in ACM workup. In
addition, imaging of tissue alteration is particularly useful in
predominant LV disease with underestimation of TFC fulfill-
ment. Because of non-unambiguous interpretation of the sig-
nal-averaged ECG (SAECG), this technique is questionable
for ACM diagnosis and not universally used. Eventually,
invasive tests are also available for diagnostic purposes: endo-
myocardial biopsy, RV cineangiography, and electrophysio-
logic testing. The next paragraphs give detailed information
about the various diagnostic aspects summarized in Table 6.2.

ECG Criteria

Criteria on ECG changes have to be determined in sinus
rhythm, and while off anti-arrhythmic drugs. ECG changes
are detected in the large majority of ACM patients.

Depolarization Abnormalities
As explained above, RV activation delay is a hallmark of
ACM. This delay is conveyed by the criteria of epsilon waves
or prolonged terminal activation duration (TAD) in VI1-3,
and late potentials on signal-averaged ECG.

Epsilon waves are defined as low amplitude potentials
after and clearly separated from the QRS complex, in at least
one of V1-3 (Fig. 6.3) [42]. This highly specific major crite-

rion is observed in only a small minority of patients, usually
in advanced stages of the disease [43, 44]. In addition,
recording of an epsilon wave is often questionable because
of interpretation difficulties related to defining the end of the
QRS complex and filter settings [45]. Of note, once epsilon
waves are present, typically other (ECG) abnormalities are
present and the diagnosis does not depend on epsilon waves
by itself. TAD is defined from the nadir of the S-wave to the
end of all depolarization deflections in V1-3, thereby
covering all forms of RV activation delay, including epsilon
waves [46]. TAD is considered prolonged when >55 ms.
(Fig. 6.4) Since prolonged TAD is less specific for ACM, it
counts as a minor criterion. Prolonged TAD can be present at
early disease stages such as in non-symptomatic family
members carrying a pathogenic mutation. Since both criteria
are obtained from V1-3, predominantly delay in the RV out-
flow tract will be recorded. Thus, in the early stage of ACM
with exclusively subtricuspid or LV involvement these crite-
ria may be absent.

The detection of late potentials on SAECG is the surface
counterpart of delayed activation or late potentials detected
during mapping in electrophysiologic studies. They are fre-
quently found in patients with documented VT. However,
these late potentials can also be observed after myocardial
infarction and other structural heart diseases. Due to this lack
of specificity, it is considered a minor criterion. For all crite-
ria on depolarization abnormalities, it is apparent that their
finding will correlate with disease severity. For instance, a
positive correlation has been found between late potentials
and the extent of RV fibrosis, reduced RV systolic function,
and significant morphological abnormalities on imaging
[47-51].

Repolarization Abnormalities

Negative T-waves in leads V1-3 or beyond, in the absence of
right bundle branch block (RBBB) are a major ECG criterion
on repolarization abnormalities (see Fig. 6.3). They are the
most frequently observed criterion. In the initial series
reported by Marcus et al., this was detected in over 85% of
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Fig. 6.3 Epsilon waves visible as late positive deflections in between the QRS complex and the T-wave in V1-3, and negative T-waves in V1-5.

In addition, the terminal activation duration (TAD) is clearly prolonged

cases. Subsequent studies have reported variable prevalence
of right precordial T-wave inversion, ranging from 19 to 94%
[40, 43]. The lower percentages are often due to the evalua-
tion of family members, while higher ones are seen in series
consisting of unrelated index patients. T-wave inversion can
be a normal feature of the ECG in children and early adoles-
cence. Therefore, this finding is not considered pathogenic in
persons aged 14 years and younger. Negative T-waves only
in V1-2 are less specific for ACM and counted as a minor
criterion. This is supposed to be a normal finding in women
and people from African descent.

Although these negative T-waves were observed consis-
tently in a series of evaluated ACM patients, T-wave inver-
sions in the right precordial leads can also be observed in
1-3% of the healthy population aged 19-45 years, and in
patients with RV overload, such as major pulmonary embo-
lism and intracardial left to right shunt, or may develop fol-
lowing intracranial hemorrhage as a sign of adrenergic
response to the cerebral insult.

In patients with RBBB, negative T-waves are common in
V1-3. However, the presence of T-wave inversions in V4 or
beyond is not physiologic even in the presence of complete
RBBB, and thus considered as a minor criterion for ACM
[52]. To facilitate fulfillment of ACM diagnosis in patients
with LV involvement, recording of negative T-waves in V4-6
is also a minor criterion.

Arrhythmias

Ventricular arrhythmias range from premature ventricular
complexes (PVCs) to sustained VT and VF [46, 52]. Because
of the origin in the RV, QRS complexes of ventricular
arrhythmias usually show a left bundle branch block (LBBB)
morphology. Moreover, the QRS axis gives an indication of
the VT origin, i.e., superior axis from the RV inferior wall,
frequently the subtricuspid area, and inferior axis from the
RV outflow tract (see Fig. 6.5). Since VT originating in the
RV outflow tract is often idiopathic and benign, its occur-
rence in the setting of ACM gives only a minor criterion. On
the contrary, a VT with LBBB morphology and superior axis
is more specific for ACM and thus a major criterion. Patients
with extensively affected RV may show multiple VT mor-
phologies. LV involvement may give rise to VT with RBBB
morphology (not part of 2010 TFC) [46].

VF is the mechanism of sudden death especially occur-
ring in young people and athletes with ACM, who were often
previously asymptomatic. In this subset of patients, VF may
occur from deterioration of rapid monomorphic VT, or in a
phase of acute disease progression, due to acute myocyte
death and reactive inflammation [3]. In a recent study, the
median age of presentation with SCD sudden cardiac death
versus monomorphic VT in ACM was only 23 years and
36 years, respectively, suggesting a different arrhythmogenic
mechanism [32].
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Fig. 6.4 Prolonged terminal activation duration (>55 ms from nadir of
S-wave to end of depolarization)

Global and/or Regional Dysfunction

and Structural Alterations

Structural alterations can be evaluated by several imaging
modalities, including echocardiography, cardiac magnetic
resonance (CMR), and/or cineangiography. A detailed
description of the pros and cons of these modalities for ACM
evaluation is beyond the scope of this chapter and reviewed
elsewhere [53]. In brief, the 2010 TFC grant major and minor
criteria for echocardiography and CMR, which are defined
by regional wall motion abnormalities (akinesia, dyskinesia,
or aneurysm) combined with functional parameters (RV
function and dilatation) (see Fig. 6.6). It is important to note
that only akinesia (lack of motion), dyskinesia (systolic
outward bulging), and aneurysms (both systolic and diastolic
bulging) are considered to be diagnostic as wall motion
abnormalities. Hypokinesia is not used anymore because of
variable interpretation. Gadolinium late enhancement for tis-
sue alteration analysis is not part of the current 2010 TFC,

given the lack of specificity for ACM diagnosis [41]. As for
cineangiography, RV wall motion abnormalities (dyskinesia,
akinesia, or aneurysm) observed in at least two projections
may also grant a major TFC. However, given the very suit-
able noninvasive alternatives, angiography is not routinely
used and MRI (CMR) is the current gold standard for RV
evaluation. While CT may be used to obtain additional infor-
mation and rule out differentials, it is not included in the cur-
rent TFC, given the lack of clinical studies investigating its
value in ACM diagnosis.

Echocardiography is noninvasive, widely used, and often
serves as the first-line imaging technique in evaluating
patients suspected of ACM. Accurate evaluation of the RV
by echocardiography, however, requires considerable exper-
tise, since its complex geometry area complicates accurate
interpretation. This may lead to over- as well as underdiag-
nosis of individuals with subtle structural disease [54]. With
new echocardiographic modalities, such as three-dimensional
echocardiography, deformation imaging, and tissue Doppler,
sensitivity and specificity of echocardiography have
increased, but these novel modalities are not included in the
2010 TFC yet.

CMR is an interesting technique for ACM evaluation,
since it is multiplane, allows for morphologic and functional
evaluation, but also has the unique possibility of visualizing
the myocardium to characterize tissue composition. CMR
serves as the gold standard for deriving RV volumes and
function. However, MRI is expensive and not widely avail-
able and requires considerable expertise to prevent mis- or
overdiagnosis of ACM [55]. Also, in ICD-carrying patients,
this technique cannot always be applied. Cardiac MRI
appears to be the most common cause of overdiagnosis of
ACM, and physicians should therefore be very reluctant to
diagnose ACM when structural abnormalities are only pres-
ent on CMR [56, 57]. Furthermore, it is important to note
that the presence of fat in the epi- and midmyocardial layers
(without fibrosis) is often a nonspecific finding, sometimes
referred to as cor adiposum, and should not be considered
diagnostic of ACM.

Tissue Characterization

The gold standard for ACM diagnosis is the demonstration of
fibrofatty replacement. Myocardial tissue for histologic
examination is usually obtained by endomyocardial biopsy,
autopsy, or from explanted hearts. However, for reasons out-
lined earlier, undirected endomyocardial biopsies are infre-
quently diagnostic. It had been included as a major criterion
by the 2010 TFC since the finding of fibrofatty replacement
was considered to strongly support any findings derived from
other clinical investigations. The rather vague terminology
of any “fibrofatty replacement of myocardium” has been
quantified in the revised TFC. Diagnostic values according
to the 2010 TFC are considered major if histomorphometric
analysis of endomyocardial biopsies shows that the number
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Fig. 6.5 ECG (25 mm/s) from a patient with classical arrhythmogenic right ventricular cardiomyopathy harboring a plakophilin-2 (PKP2) muta-
tion. This ventricular tachycardia has an LBBB morphology and superior axis, thus originates from the inferior aspect of the right ventricle

r

Fig.6.6 Magnetic resonance imaging in a patient with arrhythmogenic
right ventricular cardiomyopathy (ARVC) at the end of systole.
Dyskinetic bulgings are clearly visible in the right ventricle free wall

of residual myocytes is below 60% or below 50% by estima-
tion, with fibrous replacement of the RV-free wall in at least
one sample, with or without fatty tissue replacement [58]. If

the number of residual myocytes is higher but still below
75% (morphometric) or below 65% (estimated), only a
minor criterion is fulfilled.

Family History

Already before the discovery of pathogenic mutations under-
lying the disease, it was recognized that ACM often runs in
families. Having a family member with proven ACM is
considered an increased risk for other family members to be
affected. Therefore, having a first-degree relative who meets
the 2010 TFC or who has ACM confirmed pathologically at
autopsy or during surgery, or identification of a pathogenic
mutation in the patient under evaluation, is included as a
major diagnostic criterion. If there is a history of a first-
degree relative being diagnosed with ACM, but it cannot be
verified whether he or she does fulfill the 2010 TFC, only a
minor criterion is counted. SCD of a family member under
the age of 35 years, presumably but not proven to be due to
ACM, is also a minor criterion [41].

Differential Diagnosis

Although diagnosis in an overt case of ACM is often not dif-
ficult, early and occasionally late stages of the disease may
show similarities with other diseases. Especially differentia-
tion from idiopathic VT originating from the RV outflow tract
(RVOT) can be challenging. However, idiopathic RVOT VT
is a benign nonfamilial condition, in which the ECG shows
no depolarization or repolarization abnormalities, and no RV
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structural changes can be detected. Furthermore, VT epi-
sodes have a single morphology (LBBB morphology with
inferior axis) and are usually not inducible by premature
extrastimuli at programmed stimulation during electrophysi-
ologic studies, since the mechanism of RVOT VT is abnor-
mal automaticity or triggered activity [59, 60]. Thus,
idiopathic RVOT VT may be inducible by regular burst
pacing and isoproterenol infusion. It is important to differen-
tiate idiopathic RVOT VT from ACM for several reasons.
First, ACM has a known genetic etiology, which is not the
case for idiopathic RVOT VT. Therefore, it has implications
with regard to screening of family members. Second, the
prognosis of idiopathic RVOT tachycardia is usually excel-
lent with SCD occurring extremely rarely. Finally, in con-
trast to ACM, catheter ablation is usually a curative procedure
in idiopathic RVOT VT.

Another disease mimicking ACM is cardiac sarcoidosis.
Sarcoidosis is an inflammatory disease with unknown etiol-
ogy, characterized by the presence of noncaseating granulo-
mas in affected tissues; mainly lungs, but heart, skin, eyes,
the reticuloendothelial system, kidneys, and central nervous
system can also be affected. Cases in which only the heart
seemed affected by the disease have been described. The
prevalence of this condition varies in geographical regions
(high prevalence in Japan), and the disease may also be
familial and occurring in specific racial subgroups [61].
Clinical symptoms of cardiac involvement are present in
approximately 5% of all patients with sarcoidosis:

Patients can present with clinical features similar to those
of ACM including arrhythmias and SCD. One study that
evaluated parameters that distinguish ACM from sarcoidosis
showed that older age of symptom onset, presence of cardio-
vascular comorbidities, nonfamilial pattern of disease, PR
interval prolongation, high-grade atrioventricular block, sig-
nificant left ventricular dysfunction, myocardial delayed
enhancement of the septum, and mediastinal lymphadenopa-
thy should raise the suspicion for cardiac sarcoidosis. Cardiac
sarcoidosis can only be diagnosed definitively by endomyo-
cardial biopsy, when granulomas are visualized [62]. To
strengthen differentiation from ACM, gadolinium-enhanced
MRI may be beneficial by detecting located abnormalities in
the septum, which is typical for sarcoidosis, but seldomly
seen in ACM. Active foci of sarcoidosis can be visualized by
positron emission tomography (PET) scan [63]. Therapy
with corticosteroids is recommended for patients with a clear
diagnosis of cardiac sarcoidosis. Treatment aims to control
inflammation and fibrosis in order to maintain cardiac struc-
ture and function.

Also, any other form of myocarditis has to be excluded
before diagnosis of ACM can be made. Myocarditis may
arise from viral or other pathogenic exposure as well as toxic
or immunologic insult. Cardiac MRI (particularly MRI with
T2-weighted imaging) may be useful to visualize tissue

edema, which is present in myocarditis but not in
ACM. However, in general, endomyocardial biopsy is
required to distinguish ACM from myocarditis. Some reports
have suggested an overlap between ACM and viral myocar-
ditis, rendering this differential diagnosis extremely difficult
to exclude [64].

Especially in more advanced stages of the disease, when
LV ejection fraction drops below 50%, ACM may mimic
dilated cardiomyopathy (DCM). Patients with DCM usually
present with heart failure or thromboembolic disease, includ-
ing stroke. Since it is uncommon to have sustained VT or
sudden death as the initial presenting symptom of DCM,
patients with these symptoms should be first suspected of
having ACM. Since in particular the PLN c.40_42delAGA
(p-Argl4del) founder mutation is associated with heart fail-
ure, the disease manifestation is frequently labeled as
DCM. However, expression of this mutation may start with
ventricular arrhythmias years before hemodynamic deterio-
ration [65].

Molecular Diagnosis

First of all, it has to be explicitly mentioned that ACM diag-
nosis cannot be made on results of DNA analysis only, as
indicated in the paragraph on clinical diagnosis. Finding a
pathogenic mutation in genes linked to ACM may only con-
tribute as one major criterion of the 2010 TFC and most
importantly guide cascade screening of the family.

Two patterns of inheritance have been described in
ACM. The most common or classical form of ACM (i.e.,
ARVC) is inherited as an autosomal dominant trait. The rare
Naxos disease and Carvajal syndrome are usually inherited
autosomal recessively, although autosomal dominant forms
have been described in these cardio-cutaneous syndromes.
Table 6.3 summarizes the different genes involved in ACM
with the corresponding phenotypes.

Autosomal Recessive ACM

In Naxos disease, the affected individuals were found to be
homozygous for a 2 base pair deletion in the JUP gene [7].
The second autosomal recessive disease, Carvajal syndrome,
is associated with a DSP gene mutation, and is manifested by
woolly hair, epidermolytic palmoplantar keratoderma, and
cardiomyopathy [49].

Autosomal Dominant ACM

Overall, mutations in the PKP2 gene are most frequently
observed in classic ARVC. Figure 6.7 shows the pedigree of
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Table 6.3 Mutated genes with concurrent type of arrhythmogenic car-
diomyopathy (ACM) (Modified from Van Tintelen et al. Curr Opin
Cardiol 2007)

Gene Type of disease Inheritance trait

Desmosomal PKP2 Typical or classic Autosomal
ARVC dominant

DSG2 Typical or classic Autosomal
ARVC dominant

DSC2 Typical or classic Autosomal
ARVC dominant

JUP Naxos disease Autosomal
ARVC recessive

Autosomal
dominant

DSP Carvajal syndrome  Autosomal
recessive

Typical or classic Autosomal
ARVC dominant

CTNNA3 LDAC Autosomal
ARVC dominant

Autosomal
dominant

Nondesmosomal RyR2 CPVT Autosomal
dominant

ARVC Autosomal
dominant

TGF-p  Typical or classic Autosomal
ARVC dominant

TMEM43 Biventric ACM Autosomal
PLN Biventric ACM dominant

LMNA Biventric ACM and Autosomal
DES LDAC dominant

TTN Biventric ACM and Autosomal
LDAC dominant

? Autosomal
dominant

Autosomal
dominant

CPVT catecholaminergic polymorphic VT, LDAC left dominant
arrhythmogenic cardiomyopathy. See text for other abbreviations

Fig. 6.7 Pedigree of family

with classic arrhythmogenic |
right ventricular
cardiomyopathy (ARVC) and
plakophilin-2 (PKP2)
mutation. This figure shows
the variability in penetrance
and clinical expression. Both
the 72-year-old grandmother
(I:2) and 20-year-old
grandson (II1:2) are free of
any signs of disease, despite
carrying the mutation. The
proband (II:1) was
resuscitated at age 35, his
brother (II:2) died suddenly at
age 18. Both the proband’s
sister (II:3) and daughter

o e

a family with a PKP2 mutation, showing an autosomal domi-
nant inheritance pattern with incomplete penetrance and
variable expressivity. Incomplete and age-dependent pene-
trance and clinical variability in ACM are well documented.
In five studies from different countries, analyzing 56-149
ACM patients each, PKP2 mutations were found in 11-51%
of unrelated probands who fulfilled diagnostic TFC for
ARVC [17, 66-69]. In a large combined study from the
United States and the Netherlands, including 1001 ARVC
probands and family members, pathogenic desmosomal and
nondesmosomal mutations were identified in 63% of the 439
probands. In 46% of subjects, a single PKP2 mutation was
found [26]. In addition, multiple mutations were found in 4%
of cases, which in the majority of subjects also included a
PKP2 mutation. In that large cohort, a total of 94 different
desmosomal mutations (59 in PKP2) were observed. Thus,
PKP2 was mutated in approximately half of the included
American and Dutch ACM patients.

Pathogenic mutations in the other desmosomal genes
were much less common in the US—Dutch study: DSG2 4%,
DSC2 1%, JUP 0.5%, and DSP 3% [26]. Although PKP2
mutations are also frequently found in other ACM cohorts
from other countries, the distribution of the different genes
encoding desmosomal proteins is highly variable [70, 71]. In
one Italian study including 134 desmosomal mutation carri-
ers, DSP mutations were most frequent (39%) [72].

Mutations in DSG2 and DSC2 encoding transmembra-
nous desmosomal proteins are associated with classic or
typical ACM. JUP is primarily associated with the recessive
Naxos disease, although a rare autosomal dominant form has
been identified [73].

Mutations in the gene encoding the intracellular desmo-
somal component DSP lead to “classic ARVC” with a clini-

+

O

(III:1) were diagnosed with
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family history, ECG I
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cal presentation of VT, sudden death, and LV involvement as
the disease progresses [16, 74, 75]. However, DSP mutations
have also been associated with predominantly left-sided
ACM and, as noted above, with autosomal recessive disease.
A recent study showed that DSP mutation carriers are more
prone to SCD, LV dysfunction, and heart failure [31].

Other, Nondesmosomal, Genes

Mutations in the gene encoding the cardiac ryanodine recep-
tor RyR2, which is responsible for calcium release from the
sarcoplasmic reticulum, have been described in one Italian
ACM family [14]. Affected patients have exercise-induced
polymorphic VT. Mutations in RyR2 have primarily been
associated with familial catecholaminergic polymorphic VT
without ACM [76]. Although the general opinion is that
RyR2 mutations lead to catecholaminergic polymorphic VT,
without structural abnormalities, the mutations in ACM have
been advocated to act differently from those in familial poly-
morphic VT without ACM [76].

Transforming growth factor-B-3 (TGFB3) regulates the
production of extracellular matrix components and modu-
lates expression of genes encoding desmosomal proteins. Its
gene has been mapped to chromosome 14. Initial sequencing
studies failed to identify any disease-causing mutations in
the exonic regions of T7GFp3. This led to screening of the
promoter and untranslated regions, where a mutation of the
TGFf3 gene was found in all clinically affected members of
a large family with ACM [15]. The mutation is predicted to
produce an amino acid substitution in a short peptide with an
inhibitory role in TGFp3 regulation. The implication of these
observations is that regulatory mutations resulting in overex-
pression of TGFB3 may contribute to the development of
ACM in these families. The TGFf family of cytokines stimu-
lates the production of components of the extracellular
matrix. It is therefore possible that enhanced TGFf activity
can lead to myocardial fibrosis. However, genetic analysis of
two other families with ACM failed to identify mutations in
any of the regions of the TGF 33 gene. A mutation in exon 1
of TGFf3 has been described in a patient with ARVC from a
Chinese population [76].

A missense mutation (p.S358L) in the TMEM43 gene was
originally found in 15 unrelated ACM families from a
genetically isolated population in Newfoundland and caused
a fully penetrant, sex-influenced (males at increased risk),
high-risk form of ACM [20]. The TMEM43 gene mutation is
thought to cause dysregulation of an adipogenic pathway,
which may explain the fibrofatty replacement of myocar-
dium in ACM patients [76].

In the past decade, in the Netherlands, the c.40_42delAGA
(p-Argl4del) founder mutation in the phospholamban (PLN)
gene was identified in a large series of patients diagnosed

with either DCM or ACM [21, 65, 77]. This specific PLN
mutation was found in 5% of the 439 probands of the com-
bined US-Dutch ACM cohort, and appeared to be the most
frequently observed individual gene mutation [26].
Subsequently, the mutations were also discovered in other
European countries and United States, Canada, and China.
Onset of overt disease is usually later than in desmosomal
mutation carriers. PLN is associated with ACM with more
often biventricular (RV and LV) manifestation and LV domi-
nant forms than most desmosomal mutations, although the
histology of fibrofatty alteration is similar [65]. The patho-
physiologic mechanism of the PLN mutation underlying
ACM and specific phenotypic abnormalities is unknown yet.
Hypotheses of PLN-mediated increased cytosolic calcium
levels and thereby desmosome disassembly have been
described [21]. In line with this hypothesis, it was recently
shown that PLN expression is increased in myocardial tissue
from patients with ACM independent of the underlying
genetic mutation as compared to patients with DCM and
healthy controls [78].

The gene-encoding lamins A and C, parts of the nuclear
lamina, a protein network supporting the inner nuclear mem-
brane, is believed to be involved in left dominant forms of
ACM, although LMNA mutations have also been identified in
patients fulfilling the ACM TFC [23, 79]. The patients and
family members also demonstrate clinical features sugges-
tive for a cardiac laminopathy, including conduction disease
and atrial fibrillation.

Desmin is a large protein connected to the cardiac desmo-
some through desmoplakin. Mutations in DES have been
identified in patients diagnosed with ACM including a large
multigenerational family from Sweden [22, 80, 81]. The
typical histological features of ACM were also found in these
patients. Some of the patients also depict typical clinical
desminopathy-related features like neuromuscular disease or
cardiac conduction disease. Interestingly, in different fami-
lies with DES mutations, RV involvement has also been
described [82, 83].

Titin is another protein that is functionally linked to the
desmosome, since the titin filament connects to the transi-
tional junction at the intercalated disk. Mutations in 77N
have been described in ACM [24]. Because rare TTN vari-
ants, leading to a truncated protein, can also be identified in
control populations, its pathogenicity might be questioned.
The TTN mutations identified in ACM have so far only been
missense variants. These are even more difficult to interpret
than variants leading to a truncated protein. However, in one
family with six affected individuals with segregation of the
TTN missense variant with the phenotype.

Recently, next-generation sequencing showed that sarco-
meric genetic mutations/variants may be associated with
possible or borderline diagnosis of ACM resulting in a dis-
ease spectrum, including DCM or phenocopies of ACM [84].
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Therapy, Risk Stratification, and ICD
Indications

Therapeutic options in patients with ACM include sports
restriction, beta blockers, pharmacologic treatment of heart
failure such as ACE-inhibitors, anti-arrhythmic drugs, cath-
eter ablation, and implantation of a cardioverter defibrillator
(ICD). Patients with VT have a favorable outcome when they
are treated medically and therefore pharmacologic treatment
is the first choice. This concerns not only patients who have
presented with sustained VT but also patients and family
members with nonsustained VT or >500 ventricular extra-
systoles on 24 h Holter monitoring. Since ventricular arrhyth-
mias and cardiac arrest occur frequently during or after
physical exercise, or maybe triggered by catecholamines,
anti-adrenergic p-blockers are recommended. Regarding
anti-arrhythmic drugs, studies have shown that sotalol is par-
ticularly effective in patients with ACM. Alternatively, other
B-receptor-blocking agents, amiodarone, and flecainide,
have all been reported as useful [85]. Catheter ablation is an
alternative in patients who are refractory to drug treatment
and have frequently recurring VT episodes or ICD dis-
charges. However, all reported results with exclusively endo-
cardial approaches were mediocre, related to the technical
difficulties of the procedure, the subepicardial onset of the
disease, and disease progression. In recent years, results
improved markedly in highly experienced centers by using a
combined epicardial and endocardial approach nowadays
reaching VT/VF-free survival rates of up to 80% at 2 years
[86—89]. Yet, catheter ablation is considered as a palliative
and not curative treatment option. Owing to disease progres-
sion, new VTs originating from different areas usually occur
after a certain period of time [90, 91]. Interestingly, recent
evidence has indicated that bilateral sympathectomy may
serve as an effective treatment method for achieving arrhyth-
mia control, even when all other treatment options including
repeated catheter ablation have been exhausted [92].
Although anti-arrhythmic drugs and catheter ablation can
significantly reduce VT burden, no prospective trials have
been performed to demonstrate that these therapies will also
prevent SCD.

A recent meta-analysis searched for predictors of arrhyth-
mic risk in ACM [93]. Data of 45 different ACM cohorts
were collected, containing 70 patients on average. The aver-
age proportion of arrhythmic events was 10.6% per year in
patients with ACM and 3.7% per year in mutation carriers.
Male sex, syncope, T-wave inversion beyond V3, RV dys-
function, and prior VI/VF consistently predicted ventricular
arrhythmias in all populations studied.

ICD implantation is indicated in patients with a moder-
ate (1-10% per year) to high risk (>10% risk per year) of
SCD. As such, implantation of an ICD is warranted in ACM
patients with aborted SCD or sustained VT for secondary

prevention, and for primary prevention in those patients
with risk factors for SCD as mentioned above. Recently, a
prediction model was developed for the occurrence of VT
in patients diagnosed with ACM, but no prior ventricular
arrhythmias when diagnosed [94]. This model can assist in
making the decision when to implant a primary prophylac-
tic ICD.

If heart failure progresses toward end-stage disease or
intractable ventricular arrhythmias occur despite optimal
pharmacologic and ablative treatment, heart transplantation
should be considered in this rather young population [95].

Despite growing registries and worldwide collaboration,
data on mutation carrying patients are not sufficient to make
mutation- or gene-specific risk stratifications or therapeutic
advices. This is due to the relatively low numbers of patients,
e.g. as compared to HCM populations, the limited numbers
of events that occur in mutation carriers and the large variety
of mutations leaving only small groups of patients per spe-
cific mutation.

Recommendations During Pregnancy
and Delivery

Because ACM is relatively rare, no guidelines exist on preg-
nancy in this disease. The largest series of pregnant women
with ACM consisted of 26 patients who had 39 pregnancies.
Sustained VT occurred in 13%, all having a single episode
during pregnancy. Heart failure, all new onset, complicated
5% of pregnancies. However, when comparing pregnant and
nonpregnant female patients with ACM at similar ages, the
likelihood of experiencing a first sustained VT or developing
heart failure was not significantly increased during preg-
nancy. All pregnancies resulted in live-born infants without
major obstetric concerns and all children were healthy at last
follow-up. Of note, women taking [-blockers or experienc-
ing major events during pregnancy had children with a sig-
nificantly lower birth weight but who were otherwise healthy.
Other smaller case series showed similar results. [9] Higher
number of pregnancies did not seem to relate to a worse phe-
notype in women with AC. [96-98] These data suggest that
it should be possible to manage pregnancy successfully in
women with ACM. Before conception, antiarrhythmic drugs
with low fetal toxicity should be chosen. ICD implantation,
if indicated based on prepregnancy risk stratification, should
be performed prior to pregnancy. Preconception assessment
of biventricular structure and function is helpful since heart
failure is more likely in those with structural abnormalities.
LV dysfunction is associated with poor pregnancy outcomes
in women with DCM and appears likely to be so for patients
with ACM as well. Genetic counseling to discuss the herita-
ble nature of ACM should be offered. Following recognition
of pregnancy, discontinuation of medication with low fetal
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risk (e.g., p-blockers) is not advised. Vaginal delivery with
cardiac monitoring is reasonable in many cases. For unevent-
ful pregnancies, a 3-month postpartum visit followed by
usual cardiac care is recommended as pregnancy is not
expected to worsen long-term disease course [98].
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Left Ventricular Noncompaction

Yvonne M. Hoedemaekers and Tjeerd Germans

Introduction
Description of disease

Noncompaction of the left ventricle (LV) or left ventricular
noncompaction (LVNC) was first described by Feldt et al. in
1969 [1] is a hereditary cardiomyopathy which is genetically
heterogeneous and is characterized by prominent trabecula-
tions on the luminal surface of the left ventricular apex, the
lateral wall and, rarely, the interventricular septum in asso-
ciation with deep recesses that extend into the ventricular
wall, which do not communicate with the coronary circula-
tion. With cardiac imaging, LVNC is defined by the ratio of
non-compact and compact myocardium, see Table 7.1, It is
associated with a clinical triad of heart failure, arrhythmias
and/or thrombo-embolic events [2, 3]. LVNC occurs in non-
isolated and isolated forms.

The non-isolated forms of LVNC are more frequent in
childhood and co-occur with congenital heart disease, or
may be part of a malformation or chromosomal syndrome
[10]. Also, LVNC is frequently observed in patients with
neuromuscular disorders.

Isolated forms of LVNC are most prevalent in adults and
have been associated with mutations in sarcomere genes that
are also involved in hypertrophic cardiomyopathy (HCM),
dilated cardiomyopathy (DCM) and restrictive cardiomyop-
athy (RCM) [11].

Clinical presentation of LVNC ranges from a coincidental
finding in asymptomatic in adults to severe congenital forms
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Table 7.1 Diagnostic criteria for LVNC

Echocardiographic criteria
I. Chin et al. [4].
Focusing on trabeculae localized at the LV apex on the parasternal
short axis and apical views and on LV free-wall thickness at
end-diastole LVNC is defined by a ratio of X/Y < 0.5 with
X = distance from the epicardial surface to the trough of the
trabecular recess
Y = distance from the epicardial surface to the peak of the
trabeculation
II. Jenni et al. [2].
1. An excessively thickened left ventricular myocardial wall with
a two-layered structure consisting of a compact epicardial layer
(C) and a noncompacted endocardial layer (NC) of prominent
trabeculations and deep intertrabecular recesses.
2. A maximal NC/C ratio > 2, measured at the parasternal short
axis in end systole.
3. Colour Doppler evidence of deep perfused intertrabecular recesses.
4. Absence of coexisting cardiac anomalies.
III. Stollberger et al. [5]
1. More than three trabeculations protruding from the left
ventricular wall, apical to the papillary muscles and visible in
a single image
2. Perfusion of the intertrabecular spaces from the ventricular
cavity visualized on colour Doppler imaging
Cardiovascular magnetic resonance
I. Petersen et al. [6].
A maximal NC/C ratio > 2.3, measured on a long axis view in
end diastole
IL. Jacquier et al. [7].
Trabeculated mass percentage of total LV mass > 20% on stack
of short-axis LV slices in end diastole
III. Stacey et al. [8].
A maximal NC/C ratio > 2.0 in end systole on a short axis
non-apical slice.
IV. Captur et al. [9].
Fractional dimension >1.392 of apical third of left ventricle in
end diastole

resulting in symptoms very early in life, depending on co-
existing cardiac phenotype [10, 12, 13].

LVNC was classified by the American Heart Association
(AHA) as a separate primary, genetic cardiomyopathy, based
on the predominant myocardial involvement and genetic
aetiology [14]. The European Society of Cardiology (ESC)
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considers LVNC as unclassified, due to the lack of consensus
whether LVNC may be regarded as a distinct form of cardio-
myopathy or a non-specific morphological trait that is shared
by different cardiomyopathies like ACM, HCM, DCM and
RCM, or by congenital heart diseases [15, 16].

The nomenclature of this form of cardiomyopathy in lit-
erature varies widely. It has been referred to as left ventricu-
lar noncompaction (LVNC), noncompaction cardiomyopathy
(NCCM), noncompaction of the left ventricular myocardium
(NCLVM), left ventricular hypertrabeculation (LVHT),
spongiform cardiomyopathy, embryonic myocardium, hon-
eycombed myocardium, persisting myocardial sinusoids,
myocardial dysgenesis, ventricular dysplasia or spongy
myocardium.

Prevalence

Estimates of prevalence of LVNC were derived from large
retrospective studies of patients referred for echocardiogra-
phy. In 1997, Ritter et al. identified LVNC in 17 of 37,555
(0.045%) patients who underwent echocardiographic evalu-
ation [17]. Similarly, in 2006, Aras et al. reported a preva-
lence of 0.14% in over 42,000 patients and in 2008 Sandhu
identified definite or possible LVNC in 13/4929 (0.26%)
patients referred for echocardiography [18, 19]. Prevalence
was much higher (3.7%) in patients with an LV ejection frac-
tion <45% [18]. Depending on the diagnostic criteria
applied, even higher prevalences of LVNC (15.8% by
Belanger; 23.6% by Kohli) were reported, indicating that
LVNC may be more prevalent than previously thought [3,
20]. In 2013, a study among athletes revealed that 8% ful-
filled echocardiographic criteria for LVNC [21]. A substantial
proportion of individuals is asymptomatic, suggesting that
true prevalence of LVNC may be higher, because asymptom-
atic individuals may go unnoticed in the studies of cardio-
logic patients [3, 11]. In a large study on childhood
cardiomyopathies, LVNC was the most frequent cardiomy-
opathy after DCM and HCM, with an estimated prevalence
of 9% in paediatric cardiomyopathies [22].

Aetiology/Pathophysiology

The aetiology of LVNC is rapidly being unravelled as more
and more genetic defects in different genes are found, indi-
cating that LVNC is genetically heterogeneous.

There is evidence that some forms of isolated LVNC are
part of a spectrum of cardiomyopathies, including hypertro-
phic, dilated and restrictive cardiomyopathy. A shared aetiol-
ogy consisting of genetic defects in the same sarcomere
genes, sometimes even with identical mutations, has been
found in these types of cardiomyopathy [11]. The pheno-
typic variability of cardiomyopathies within families, includ-

ing variability in age of onset and severity of clinical
presentation, might be explained by additional modifying
factors, additional genetic variants or defects, or may depend
on yet unidentified exogenous and/or systemic factors.
Genetic defects in LVNC are discussed further on in the
molecular diagnosis section.

Mutations in different genes associated with LVNC affect
different mechanisms in the cardiomyocyte leading to
changes that may individually cause LVNC or lead to a com-
mon cellular disturbance resulting in LVNC. Cellular growth
and differentiation signalling pathways are thought to be
involved in LVNC pathogenesis [23-26].

Mutations in sarcomere genes may exert their effect
through defective force generation (either by a dominant-
negative mechanism where the mutant protein acts as a “poi-
son polypeptide” or by haplo-insufficiency resulting in less
protein); mutated cytoskeletal proteins may lead to a defective
force transmission; mutations in ATP-regulatory genes cause
myocardial energy deficits and a fourth possible mechanism is
abnormal calcium homeostasis either due to changes in cal-
cium availability or myofibrillar sensitivity for calcium [20,
22-24, 27]. The development of LVNC features might be a
compensatory response to dysfunction in one of these
mechanisms.

The variable phenotypic expression of gene mutations
leading to different types of cardiomyopathy is the net
result of a complex interplay between the genetic defect,
post transcriptional molecular processes, modifying genes
and external factors. The localization of the mutations
within the gene may partly explain phenotypic diversity,
but also a “dose-effect” may be important; the extent of the
defective mechanism may determine which phenotype ulti-
mately develops.

Pathology

Macroscopy

The noncompacted endocardial layer of the myocardium
comprises excessively numerous and prominent trabecula-
tions with deep intertrabecular recesses that extend into the
compacted myocardial layer. The apical and mid-ventricular
segments of the left ventricular inferior and lateral wall are
predominantly affected [28, 29]. In a pathoanatomical study
of LVNC, Burke et al. described the morphology and micros-
copy of 14 paediatric LVNC cases. The macroscopic appear-
ance varied from anastomosing trabeculae to a relatively
smooth endocardial surface, with narrow openings of the
recesses to the ventricular cavity. Three types of recess pat-
terns were distinguished: (1) anastomosing broad trabeculae;
(2) coarse trabeculae resembling multiple papillary muscles;
and (3) interlacing smaller muscle bundles or relatively
smooth endocardial surface with compressed invaginations,
identified primarily microscopically (Fig. 7.1). In this study,
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Fig. 7.1 LVNC gross pathology with a variety of LVNC patterns: (a)  bling a sponge. (d) Trabeculae viewed en face. (¢) Subtle LVNC on
Anastomosing broad trabeculae. (b) Coarse trabeculae resembling mul-  gross section requires histological confirmation (Reproduced from
tiple papillary muscles. (c) Interlacing smaller muscle bundles resem-  Burke et al. [28] with permission)
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no morphological differences were found between isolated
and nonisolated LVNC [28].

In 1987, in an autopsy study of 474 normal hearts of all
ages, it was found that prominent trabeculations may be
observed in as many as 68% of the hearts, although more
than three trabeculations were only identified in 3.4% [30].

Microscopy

Two patterns of myocardial structure in the superficial non-
compacted layer in LVNC have been described by Burke
et al. (1) anastomosing muscle bundles forming irregularly
branching endocardial recesses with a staghorn-like appear-
ance and (2) multiple small papillary muscles, resulting in an
irregular surface appearance (Fig. 7.2). In most patients,

Fig. 7.2 Histological features in LVNC. The ratio of noncompact ver-
sus compact myocardium is larger than 2. (a) Relatively smooth endo-
cardial surface (left) with anastomosing broad trabeculae. (b) Polypoid
pattern of trabeculae; prominent fibrous band separating the noncom-
pact from the compact myocardium (Reproduced from Burke et al. [28]
with permission)

these patterns overlapped. Endocardial fibrosis with promi-
nent elastin deposition was found in all 14 cases and suben-
docardial replacement fibrosis, consistent with microscopic
ischaemic infarcts, was present in 10; right ventricular
involvement was identified in 6 cases [28].

Histological examination in another study showed that
ventricular endocardium covered the recesses in continuity
with the LV cavity and identified ischaemic lesions in the
thickened endocardium and the prominent trabeculae.
Interstitial fibrosis ranged from being absent to severe. No
fibre disarray was identified in any of these cases. Signs of
chronic inflammation and abnormalities of intramyocardial
blood vessels were present in some patients [2].

Freedom et al. proposed two criteria for the pathological
diagnosis of LVNC: (1) absence of well-formed LV papillary
muscles and (2) histological verification of more than 50%
penetration of invaginated endocardial recesses towards the
epicardial surface. The endothelium that covers the recesses
extends close to the surface of the compact layer. The
recesses neither communicate nor connect with the coronary
circulation [31].

Clinical Presentation

Heart failure is among the most frequent presentations of
LVNC, followed by supraventricular and ventricular arrhyth-
mias, including sudden cardiac death and thrombo-embolic
events. However, as in other cardiomyopathies, there is a
great variability in presentation, even within families, ranging
from a fully asymptomatic course to severe heart failure
necessitating cardiac transplantation. The age of presentation
is also highly variable varying from prenatal and neonatal
diagnosis to diagnosis at the age of 94 years [13, 32, 33].
Prenatal diagnostic imaging more often detects bilateral ven-
tricular hypertrophy/hypertrabeculations than the typical left
ventricular morphologic changes observed postnatally and in
adults [11]. The fourth to fifth decade is the median age at
diagnosis in adult-isolated LVNC. Many patients remain
asymptomatic, in whom isolated LVNC is an incidental find-
ing or diagnosed in a family screening programme.
Symptomatic patients may present with symptoms of dys-
pnoea, fatigue (atypical) chest pain and/or (pre) syncope.
LVNC may also present as a peripartum cardiomyopathy [12,
34]. Review of the literature revealed a male to female ratio of
almost 2:1 [35]. This gender difference cannot be fully
explained by the occurrence of X-linked forms of LVNC.

Different arrhythmias and conduction disorders may
occur in LVNC patients (Table 7.2) [36]. None of these
arrhythmias is characteristic or pathognomonic for
LVNC. Thrombo-embolic events may include stroke (cere-
brovascular event or transient ischaemic attack), peripheral
embolism and mesenterial thrombosis.
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Table 7.2 Arrhythmia and conduction disorders associated with left
ventricular noncompaction (LVNC)

Arrhythmia/conduction disorders associated with

LVNC References

Atrial fibrillation [5, 37, 38]

Atrioventricular nodal re-entrant tachycardia [39]

Bigemini ventricular extra systole [40]

Complete atrioventricular block [1,41-43]

Complete left bundle branch block [40, 44]

Early repolarization [11]

Giant P-waves and focal atrial tachycardia [45]

Long QT syndrome 2 [46]

Narrow QRS complex [47-49]

Persistent atrial standstill [50]

Sick sinus syndrome [51, 52]

Sinus bradycardia [52-55]

Supraventricular tachyarrhythmia [10, 37, 40, 56,
571

Ventricular fibrillation [41, 47, 58]

Ventricular tachycardia [10, 44, 47, 53,
59]

Wolff—Parkinson—White syndrome [4, 10, 37, 40,
53]

Clinical Diagnosis

Diagnosis of LVNC remains challenging on two-dimensional
transthoracic echocardiography and/or cardiac magnetic res-
onance imaging (CMR) (Table 7.1). Improvements in car-
diac imaging techniques have led to increased recognition
and diagnosis of LVNC. Figure 7.3 displays echocardio-
graphic and cardiac MRI images of two LVNC patients,
showing the abnormal segmental trabeculations as the hall-
mark of this entity.

Features of noncompaction observed in cardiology
patients and normal controls still illustrate the necessity of
defining criteria in order to accurately differentiate between
normal physiological trabecularization and LVNC [20].

In 1990, the first diagnostic criteria for LVNC by Chin
et al. were derived from the observations in eight LVNC
patients [4]. These diagnostic criteria defined LVNC by the
ratio of the distance from the epicardial surface to the trough
of the trabecular recess (X) to the distance from the epicar-
dial surface to the peak of the trabeculations (Y), with ratio
X/Y <£0.5.

More than a decade later, Jenni et al. proposed new diag-
nostic criteria for isolated LVNC, consisting of four echocar-
diographic features: (1) an excessively thickened left
ventricular myocardial wall with a two-layered structure
consisting of a compact epicardial layer (C) and a noncom-
pacted endocardial layer (NC) of prominent trabeculations
and deep intertrabecular recesses; (2) a maximal end-systolic
NC/C ratio > 2, measured at the parasternal short axis; (3)

colour-Doppler evidence of deeply perfused intertrabecular
recesses; (4) absence of coexisting cardiac anomalies [2].
For this study, they used seven patients with isolated LVNC
in whom the heart could be anatomically evaluated with 10
DCM patients and 9 LVH transplant patients. Maximum
non-compacted ratio found in the DCM patients was 2.0.
Therefore, the end-systolic ratio of 2.0 was defined [11].

In 2002, Stollberger et al. proposed other diagnostic crite-
ria for LVNC, wherein the diagnosis was a function of the
number of trabeculations (>3) protruding from the left ven-
tricular wall, apically to the papillary muscles and visible in
a single image plane with obligatory perfusion of the inter-
trabecular spaces from the ventricular cavity visualized on
colour-Doppler imaging [5]. With CMR, criteria to diagnose
LVNC were first reported by Petersen et al. A noncompacted/
compacted ratio (NC/C) of >2.3, measured in end diastole on
long-axis views, was found to distinguish LVNC from vari-
ous forms of cardiomyopathies and athletes hearts with a
sensitivity of 86% and specificity of 99% [6]. Jacquier et al.
proposed to express the trabeculated left ventricular mass as
a percentage of total LV mass measured on a stack of short-
axis views with CMR in end diastole. They deemed a tra-
beculated mass above 20% diagnostic for LVNC [7]. Other
diagnostic criteria used in CMR are described by Stacey
et al., who determined that a maximal noncompacted/com-
pacted ratio >2.0 in a non-apical short axis in end systole was
diagnostic for LVNC [8]. Captur et al. used fractal analysis
considering a fractional dimension >1.392 in the apical third
of the LV to be diagnostic for LVNC [9].

However, when applying above mentioned criteria in
large-scale observational studies, diagnosis of LVNC tended
to be as high as 23% in DCM patients using the echocardio-
graphic criteria, and up to 4—13% in asymptomatic, low-risk
general populations using the CMR criteria proposed by
Petersen, Jacuier and Stacey [20, 60], suggesting that current
diagnostic criteria might still lack specificity, further refine-
ment of diagnosis/classification of LVNC is required as pro-
posed by Belanger et al. and Arbustini et al. (Table 7.3).

Belanger et al. proposed such a classification system of
LVNC by dividing noncompaction into four categories
(none, mild, moderate and severe) according to noncompac-
tion to compaction ratio and the size of the noncompaction
area [3]. This classification scheme used the following crite-
ria: (1) absence of congenital heart disease, hypertrophic or
infiltrative cardiomyopathy, and coronary artery disease; (2)
evidence of prominent trabeculations in the apex in any view
(noncompacted to compacted ratio does not require to be
>2); (3) concentration of the noncompacted area in the apex
and (4) blood flow through the area of noncompaction.

Arbustini et al. divided LVNC into seven groups, accord-
ing to current knowledge and terminology [61]. The first
group consists of idiopathic LVNC, with normal systolic and
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Fig.7.3 (a, b) Cardiac MRI and echocardiography of a 43-year-old patient illustrating a two-layered myocardium with prominent intertrabecular
recesses. (¢, d) Cardiac MRI and echocardiography, four-chamber view each, of a 15-year-old patient with LVNC

diastolic function and normal dimensions. The second group
is LVNC with LV dilatation and dysfunction at onset, there-
fore as such LVNC cardiomyopathy. The third is the group of
LVNC also fulfilling diagnostic criteria for ACM, DCM,
HCM or RCM. The fourth group consists of LVNC with con-
genital heart defects. The fifth group is the group of syn-
dromes associated with LVNC. The sixth group is acquired
and potentially reversible LVNC and the seventh group con-
sists of right ventricular noncompaction, with or without
LVNC.

Differential Diagnosis

The definitive diagnosis of LVNC relies on the morphologi-
cal features of the LV myocardium observed on echocardiog-
raphy, MRI, CT or LV angiography. The variability in the
extent of physiological trabecularization may complicate
distinction of LVNC from normal physiological left ventric-
ular trabeculations. Especially in the area around the base of
the papillary muscles of the mitral valve, more trabeculations
may be present. However, in the normal heart, there is no
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Table 7.3 Proposed LVNC classification systems
Belanger et al. [3]

NC/C LVNC area
ratio (cm?)
1. None 0 0
2. Mild >0 >0and <2.5
3. Moderate and<1 >25
4. Severe >1 and < 5.0
and<2 >5.0
>2

Criteria used
I. Absence of congenital heart disease, hypertrophic or infiltrative
cardiomyopathy and coronary artery disease.
II. Evidence of prominent trabeculations in the apex in any view.
III. Concentration of the noncompacted area in the apex.
IV. Blood flow through the area of noncompaction.
Arbustini et al. [61]
1. Idiopathic LVNC with normal systolic and diastolic function
and normal dimensions.
2. LVNC with LV dilatation and dysfunction at onset (LVNC
cardiomyopathy or noncompaction cardiomyopathy).
3. LVNC also fulfilling diagnostic criteria for ACM, DCM, HCM
or RCM.
. LVNC with congenital heart defects.
. Syndromal LVNC.
. Acquired and potentially reversible LVNC.
. Right ventricular noncompaction, with or without LVNC.

~N N A

Table 7.4 Differential diagnosis of LVNC

Acquired LVNC Hypertension

Ischaemic heart disease
Sickle cell anaemia
Pregnancy
Athletes
Chronic renal failure
Dilated cardiomyopathy
Hypertrophic cardiomyopathy
Arrhythmogenic cardiomyopathy
Neuromuscular disorders
Syndromal LVNC
Chromosomal abnormalities

excessive segmental thickening (due to hypertrabeculation)
like in LVNC and the thickness of these physiological tra-
beculations does not exceed the thickness of the compact
layer. Also, the area of noncompaction is larger in LVNC
than in physiological trabeculations [3].

Secondary forms of (acquired) LVNC may be the result of
hypertension, chronic volume or pressure overload, isch-
aemic heart disease or extreme physical activity (i.e. ath-
letes), leading to hypertrabecularization. These are referred
to as pseudo-left ventricular noncompaction or LVNC mim-
icry. Hypertensive patients are diagnostically challenging,
because of the occurrence of LV hypertrophy due to hyper-
tension. Further studies are needed to confirm whether
excessive trabeculation is more prevalent in specific ethnic
groups, as suggested by one study [20].

Furthermore, dilated, hypertrophic and ischaemic cardio-
myopathy may be mistaken for LVNC or vice versa, due to
prominent trabeculations or abnormal myocardial thicken-

ing. Neuromuscular disorders, syndromes and chromosomal
abnormalities (Tables 7.4 and 7.5) should be considered in
the differential diagnosis of nonisolated LVNC, especially
when LVNC occurs in patients with dysmorphism, growth
retardation or skeletal muscle weakness.

Molecular Diagnosis

Over the years many genes have been associated with LVNC,
with MYH?7 as the most prevalent genetic cause. An overview
of the genes associated with LVNC is given in Table 7.5.

Molecular Defects in LVNC

Isolated LVNC has been associated with mutations in 27 dif-
ferent genes (Table 7.5). Defects in sarcomere genes have
been identified to be the most prevalent genetic cause occur-
ring in approximately 30% of all patients with isolated
LVNC [11, 23].

Over 40 different mutations in sarcomere genes encod-
ing thick (MYH7), intermediate (MYBPC3) and thin fila-
ments (TNNT2, TNNI3, TPM1,ACTC) have been described.
In particular in MYH7, the most frequent LVNC-associated
gene, accounting for up to 21% of isolated LVNC [11, 23].
MYH?7 mutations currently associated with LVNC cluster
in the ATPase active site of the head region in the
N-terminal part of MYH7. This is an evolutionary well-
conserved region of MYH7. As the ATPase active site is
required for normal force production, impaired force gen-
eration might play a role in the aetiology of LVNC.
Mutations in this region have been associated with LVNC
with or without Ebstein anomaly [79, 94]. Other MYH7
mutations (30%) were found in the C-terminal rod-region
of the MYH?7 protein that plays an important role in the
formation of the core of the thick filament. Mutations in
this region of the gene are more commonly associated with
skeletal myopathies. Relatively few cardiomyopathy muta-
tions are situated in this region.

With the availability of targeted cardiomyopathy panels
(next-generation sequencing) more genes are and will be
associated with LVNC, but as these data are still unpublished
they are not mentioned here. Complex genotypes will
become more common when more genes are analysed per
patient.

Multiple or compound/double heterozygous mutations
were identified in 25% of the children and in 10% of the
adult LVNC patients [11]. In hypertrophic cardiomyopathy,
complex genotypes have been described in 7% [95]. In
HCM, double heterozygosity for truncating sarcomere
mutations has been previously associated with severe con-
genital forms mostly inherited in an autosomal recessive
mode [69, 96-99]. Nonsarcomere genetic causes for iso-
lated LVNC include mutations in the calcium-handling
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Table 7.5 Genes associates with left ventricular noncompaction (LVNC)

Gene Locus; inheritance
ABCC9 12p12.1; AD
ACTCI 15q14; AD
ACTN2 1q43; AD
CASQ2 1p13.3-p11; AD, AR
DMPK 19q13.32; AD
DSP 6p24.3; AD
DTNA 18q12.1-q12.2; AD
GLA Xq22.1; XL
HCN4 15q24.1; AD
KCNH2 7q35-q36; AD
LAMP?2 Xq24; XL
LDB3“ 10q22.2-q23.3; AD
LMNA 1q21.2; AD
MIBI 18q11.2; AD
MYBPC3 11pll1.2; AD
MYH7 14q12; AD
NKX2.5 5q35.1; AD
PLEKHM?2 1p36.21; AD
PLN 6q22.1; AD
PKP2 12p11.21; AD, AR
PRDM16  1p36; AD
RYR2 1q43; AD
SCN5A 3p21; AD
TAZY Xq28; XL
TNNI3 19p13.4; AD
TNNT2 1q32; AD
TPM1 15g22.1; AD
2Cypher/ZASP
*G4.5

Protein

ATP-binding cassette subfamily C,
member 9

a-Cardiac actin

a-Actinin

Calsequestrin

Dystrophia myotonica protein kinase
Desmoplakin

a-Dystrobrevin

o -galactosidase
Hyperpolarization-activated cyclic
nucleotid-gated potassium channel 4
Potassium voltage-gated channel,
subfamily H, member 2
Lysosome-associated membrane
protein 2

LIM-domain binding protein

Lamin A/C

Mindbomb drosophila homolog 1
Cardiac myosin-binding protein C
B-Myosin heavy chain

NK2 homeobox 5

Pleckstrin homology domain-
containing protein, family M,
member 2

Phospholamban

Plakophillin 2

PR domain-containing protein 16
Ryanodine receptor 2

Sodium channel type 5 a-subunit

Taffazin

Cardiac troponin I
Cardiac troponin T
A-tropomyosin

Other associated disorders

AF, DCM

Hypertrichotic osteochondrodysplasia (Cantu
syndrome)

DCM, HCM

Congenital myopathy with fibre-type disproportion
DCM, HCM

CPVT, HCM

Myotonic dystrophy 1

ACM, DCM, epidermolysis bullosa, keratosis
palmoplantaris striata, skin fragility—Woolly hair
syndrome

Fabry disease
BrS, SSS

LQTS2, SQTS
Danon disease

DCM

Late-onset distal myopathy

Myofibrillar myopathy

DCM, RCM

Emery—Dreifuss muscular dystrophy
Lipodystrophy

Werner syndrome

Hutchinson-Gilford progeria

Limb-girdle muscular dystrophy 1B
Charcot—Marie—Tooth 2B1

LVNC

DCM, HCM

DCM, HCM, RCM

Myosin storage myopathy

Distal myopathy

Scapuloperoneal myopathy

Hypoplastic left heart syndrome; ventricular septal
defect; atrial septal defect; Fallot; congenital
hypothyroidism

DCM, LVNC

ACM, DCM, HCM

ACM

DCM, Dellp36 syndrome
CPVT, ACM

BrS, DCM, LQTS3, SSS
Familial heart block
Paroxysmal ventricular fibrillation
Cardiac conduction defect
Barth syndrome

DCM

DCM, HCM, RCM
DCM, HCM, RCM
DCM, HCM
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ACM arrhythmogenic cardiomyopathy, AF atrial fibrillation, BrS Brugada syndrome, CPVT catecholaminergic polymorphic ventricular tachycar-
dia, DCM dilated cardiomyopathy, HCM hypertrophic cardiomyopathy, LOTS long QT syndrome, LVNC left ventricular noncompaction, RCM
restrictive cardiomyopathy, SSS sick sinus syndrome, SQTS short QT syndrome



7 Left Ventricular Noncompaction

123

genes calsequestrin (CASQ?2) and phospholamban (PLN), in
taffazin (TAZ), a-dystrobrevin (DTNA), lamin A/C (LMNA)
and LIM domain binding 3 (LDB3), potassium voltage-
gated channel (KCNH2) and sodium channel type 5 (SCN5A)
genes. However, mutations in these genes were only rare
causes of LVNC in single families.

The absence of a mutation in approximately half of famil-
ial LVNC could be explained by phenotype assignment
errors, the involvement of other yet unidentified genes, the
presence of mutations in non-analysed gene sequences and
incomplete sensitivity of the methods used.

Genotype-Phenotype Correlations

Molecular studies of LVNC have thus far shown that there
are few recurrent mutations. Therefore, it is difficult to estab-
lish genotype—phenotype correlations. Additionally, intrafa-
milial phenotypic variability complicates predictions based
on an identified mutation. The presence of multiple (truncat-
ing) sarcomere mutations in an individual appears to result in
a more severe phenotype with childhood onset [11, 69].
Multiple mutations identified in adults mostly also comprise
involvement of a nonsarcomere gene. Adult patients with
multiple mutations seem to have more symptoms than adults
with a single mutation [11].

Isolated LVNC

The first hypothesis on the pathogenesis of LVNC stemmed
from observations that the morphology of LVNC was
reminiscent of the embryonic stages of cardiac development.
Consequently, it was postulated that LVNC could be the
result from an arrest of compaction of myocardial fibres [4,
100, 101]. Figure 7.4 illustrates the striking resemblance
between LVNC and the physiological embryonic noncom-
paction in the 8th—10th embryonic week. However, the pos-
sible mechanisms causing this arrest remain unclear.
Epicardium-derived cells are thought to play an important
role in myocardial architecture and in the development of
noncompaction [102, 103]. Mutations in genes involved in
myocardial genesis like peroxisome proliferator activator
receptor binding protein (PBP), jumonji (JMJ), FK506-
binding protein (FKBP12), transcription factor specificity
protein (Sp3), homeobox factor NKX2.5, bone morphoge-
netic protein 10 (BMP10) lead to congenital LVNC in knock
out mice [104-109]. However, apart from the NKX2.5 gene,
in human LVNC, no mutations in these genes have been
described.

Until now, there is very little insight into factors that influ-
ence the variability in age at onset and severity of symptoms
of LVNC, or any other familial form of cardiomyopathy.

In the majority of patients, LVNC is diagnosed in adult-
hood, similar to ACM, HCM, DCM and RCM, which are
rarely congenital. Of course, it could be that in LVNC, the
lesions detected in adult patients were present from birth on,
but remained unnoticed until symptoms developed and high-
resolution cardiac imaging techniques were applied.
However, the detection of sarcomere defects in LVNC
patients may suggest otherwise, since mutations in sarco-
mere genes are known to cause late-onset HCM and
DCM. Similarly, sarcomere mutations might lead to late-
onset LVNC. Longitudinal cardiologic studies of unaffected
carriers of pathogenic mutations are necessary to provide
insight on whether noncompaction may develop later in life.
The pathogenetic mechanism(s) of sarcomere defects in car-
diomyopathies are not fully understood. It is possible that the
pathological myocardial changes in the adult-onset
sarcomere-related cardiomyopathies are caused by a com-
pensatory response to impaired myocyte function resulting
from mutations in the sarcomere genes [27, 110].

Nonisolated LVNC

LVNC has been observed in a number of neuromuscular dis-
orders, metabolic and mitochondrial disease, congenital mal-
formations and chromosomal syndromes.

Some of these disorders may share pathogenetic mecha-
nisms with LVNC. Alternatively, LVNC might be secondary
to other cardiac malformations or other malformations or
even vice versa. Another possibility is that the co-occurrence
is coincidental. Congenital heart malformations for instance
are relatively frequent (birth prevalence 0.008) and may
therefore occasionally coincide with LVNC without a mutual
aetiology.

Congenital Heart Disease

The co-occurrence of congenital heart disease and noncom-
paction is predominantly observed in children. Tsai et al.
showed that 78% of 46 children with LVNC had a congenital
heart defect [10]. Nevertheless, congenital heart defects and
LVNC also co-occur in adults [12]. The large number of
structural heart malformations reported in association with
noncompaction is presented in Table 7.6, indicating that sep-
tal defects, patent ductus arteriosus and Ebstein’s anomaly
are the most prevalent congenital heart defects in LVNC.
Increasingly, congenital cardiac malformations (septal
defects, Ebstein anomaly, patent ductus arteriosus, Fallot’s
tetralogy, aortic coarctation and aortic aneurysms) are being
reported in familial cardiomyopathies (HCM, DCM and
LVNC) linked to sarcomere mutations, suggesting that these
specific sarcomere defects may have been involved in car-
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Table 7.6 Congenital heart disease associated with left ventricular ~ Table 7.6 (continued)

noncompaction (LVNC)

Congenital heart Proportion of
Congenital heart Proportion of disease in LVNC CHD References
disease in LVNC CHD References In LVNC Case
In LVNC Case studies® reports
studies® reports Single ventricle 1/12 (8%) 1 [40, 134]
Aberrant origin of right/ 1/12 (8%) 1 [40, 111] Subaortic membrane 2/55 (4%) [113]
left subclavian artery Transposition of the 1/46 (2%) 1 [10, 135]
Absent aortic valve 1 [112] great arteries
Anomalous pulmonary  2/26 (8%) [28, 40] Tricuspid atresia 2/54 (4%) [113]
venous return Tricuspid valve 1/14 (7%) [28]
Aortic coarctation 6/204 (3%) [10, 11, 37, 40, dysplasia
113] Ventricular septal defect 23/218 3 [1, 10, 11, 28, 37,
Aortico-left ventricular 1 [114] (11%) 40, 113, 115,
tunnel 122]
Aortic stenosis 2/46 (4%) 2 (10,31, 115] *Cumulative number of LVNC patients with congenital heart defect
Aortopulmonary 1721 (5%) [37] (CHD) described in one or more LVNC studies
window
Atrial septal defect 22/135 3 [10, 11, 37, 54,
: : (16%) 79, 116] diac morphogenesis [11, 63, 79, 136—139]. But since there is
Atrio-ventricular 1 [117]

diverticulum

Bicuspid aortic valves
Bicuspid pulmonary

valve
Cardiac aneurysms

Coronary ostial stenosis

Cor triatriatum
Dextrocardia

Dextro malposed great

arteries
Dextroversion
Double inlet left
ventricle

Double orifice mitral

valve

Double outlet right
ventricle

Ebstein’s anomaly

Fallot’s tetralogy

Hypoplastic left heart

syndrome
Hypoplastic right
ventricle

Isomerism of the left

atrial appendage
Left-sided superior
vena cava

Mitral valve atresia
Mitral valve cleft

Mitral valve dysplasia
Mitral valve prolapse
Patent ductus arteriosus
Persistent left superior

vena cava
Pulmonary atresia
Pulmonary valve
dysplasia
Pulmonary stenosis

3/64 (5%) 3
1/14 (%)

1/14 (7%)
1/46 (2%)
2/58 (3%) 1
1/12 (8%)

1/46 (2%)

1/54 (2%)
11/130 (8%) 14

1/71 (1%) 1
3/54 (6%)

3/58 (5%)

4166 (6%) 8
1/46 (2%)

2/54 (4%) 1
2/14 (14%)

1/46 (2%)

16/182 (9%) 1
1/14 (%) 1

6/125 (5%) 1
2/14 (14%)

4/97 (4%) 1

[10, 37, 118, 119]
[28]

[43, 120-122]
[28]

[10]

[1, 10, 40]
[40]

[123]
[10]

[124-126]

[113]

[10, 11, 54, 61,
127-132]

(11, 111]

[113]

[10, 40]

[31, 40, 113, 133]
[10]

[112]

[43, 113]

[28]

[10]

[10, 11, 54, 113]
[28, 122]

[11, 54, 113]
[28]

[11,28, 40, 54]

rarely more than one patient with a congenital heart defect,
even in families with multiple cardiomyopathy patients, the
association of sarcomere defects and heart defects still
requires further exploration.

Neuromuscular Disease

Similar to HCM and DCM, LVNC has been associated with
neuromuscular disorders. Stollberger and Finsterer identified
LVNC-like morphological features in Duchenne and Becker
muscular dystrophy and in myotonic dystrophy (see chapter
Neuromuscular disorders) [140-142]. The gene mutated in
Duchenne and Becker muscular dystrophy is a part of the
dystrophin complex, a complex of muscle membrane-
associated proteins, connecting the cytoskeleton to the sur-
rounding extracellular matrix and may also play a role in cell
signalling. The dystrophin gene is expressed in skeletal and
cardiac myocytes. Other genes previously associated with
neuromuscular disorders, like adult-onset myofibrillar
myopathy (LDB3 or Cypher/ZASP), limb-girdle muscular
dystrophy (LGMD) (LMNA), scapuloperoneal myopathy
(MYH?7), myosin storage distal myopathy (MYH7) and Barth
syndrome (7AZ) have recently been associated with isolated
LVNC (Table 7.5). ZASP, lamin A and C, -myosin heavy
chain and taffazin are all expressed in cardiac and skeletal
muscle tissue. ZASP has a function in cytoskeletal assembly.
Mutations in ZASP can lead to DCM and to skeletal myopa-
thy. Lamin A and C, proteins situated in the nuclear mem-
brane, play an important role in maintaining nuclear
architecture. LMNA mutations have been described in three
LVNC patients [11, 77, 78]. In one of them, there was famil-
ial limb-girdle muscular dystrophy (LGMD) as well as DCM
[11]. Over 200 mutations have been described in LMNA,
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causing over 20 different phenotypes, including isolated
DCM, LGMD, Emery—Dreifuss muscular dystrophy,
Hutchinson—Gilford progeria, partial lipodystrophy and
peripheral neuropathy. For many of the phenotypes, there is
no clear genotype—phenotype correlation, phenotypes may
overlap and different phenotypes are associated with single
mutations. Up to 25% of patients with an LMNA mutation
may remain free from manifest cardiac disease [143].

Syndromes

LVNC can occur as part of a syndrome in combination with
dysmorphic features and other congenital malformations.
When there are other congenital defects or when there are
dysmorphic features in a patient, one of the listed syndromes
in Table 7.7 or one of the chromosomal defects in Table 7.8
could be considered in the differential diagnosis.

Table 7.7 Syndromes associated with left ventricular noncompaction (LVNC)/hypertrabeculation

Inheritance Features
XR

Gene
TAZ

Syndrome

Barth syndrome/3-
methylglutaconic aciduria
Branchio-oto-renal syndrome I/
Melnick Fraser syndrome

EYAI AD

Growth retardation, DCM, skeletal myopathy, intermittent lactic
acidemia, granulocytopenia, recurrent infections

Long narrow face; hearing loss (sensory/conductive/mixed);
preauricular pits; microtia; cup-shaped ears; lacrimal duct stenosis;

References

[70, 71, 75,
86-93, 144]
[145]

cleft palate; bifid uvula; branchial cleft fistulas/cysts; renal dysplasia/
aplasia; polycystic kidneys; vesico-ureteric reflux

Coffin—Lowry syndrome RSK2 XD

Short stature; weight <3rd percentile; microcephaly; coarse facies

[146]

with prominent brow, chin and ears; sensorineural hearing loss;
downslant; hypertelorism; heavy, arched eyebrows; broad nose with
thick alae nasi and nasal septum; anteverted nostrils; large mouth;
thick everted lower lip; narrow, high palate; hypodontia, malocclusion,
pectus excavatum/carinatum; mitral insufficiency; inguinal hernia;
uterine prolapse; skeletal abnormalities; loose skin; straight, coarse
hair; mental retardation; hypotonia; seizures

Congenital adrenal hypoplasia NROBI  XR

Failure to thrive; hypogonadotropic hypogonadism; cryptorchidism;

[147]

hyperpigmentation; primary adrenocortical failure; adrenal
insufficiency; gluco-mineralocorticoid insufficiency; salt-wasting;
delayed puberty

Contractural arachnodactyly/ ~ FBN2 AD

Beals syndrome

Marfanoid habitus; micrognathia; frontal bossing; crumpled ear
helices; ectopia lentis; high-arched palate; septal defects; bicuspid

[148]

aortic valve; mitral valve prolapse; patent ductus arteriosus; aortic root
dilatation; pectus carinatum; kyphoscoliosis; hip/knee/elbow
contractures; arachnodactyly; ulnar deviation of fingers; talipes
equinovarus; hypoplastic calf muscles; motor development delay

Cornelia de Lange syndrome I NIPBL  AD

Short stature; microcephaly; long philtrum; micrognathia; low-set

[37]

ears; sensorineural hearing loss; synophrys; myopia; long curly
eyelashes; ptosis; anteverted nostrils; depressed nasal bridge; cleft lip/
palate; thin upper lip; widely spaced teeth; congenital heart defect;
pyloric stenosis; hypoplastic male genitalia; structural renal
anomalies; phocomelia; oligodactyly; syndactyly of second and third
toes; single transverse palmar crease; cutis marmorata; hirsutism; low
posterior hair line; mental retardation; language delay; automutilation

Holt Oram syndrome TBX5 AD

ASD; VSD; HLHS; PDA; absent pectoralis major muscle; pectus

[149]

excavatum/carinatum; vertebral anomalies; thoracic scoliosis; absent,
bifid or triphalangeal thumb; carpal bone anomalies; phocomelia of
upper extremity, radial-ulnar anomalies; asymmetric involvement

PTPNI1
RAF1

Leopard syndrome AD

Short stature; triangular face; low-set ears; sensorineural hearing loss;
hypertelorism; ptosis; epicanthal folds; broad flat nose; cleft palate;

[150]

short neck; pulmonic stenosis; HCM; subaortic stenosis; complete
heart block; bundle branch block; winged scapulae; hypospadias;
absent/hypoplastic ovary; unilateral renal agenesis; spina bifida
occulta; dark lentigines (mostly neck and trunk); café-au-lait spots

Melnick Needles FLNA XD

osteodysplasty

Short stature; micrognathia; large ears; hypertelorism; exophthalmos;
cleft palate; misaligned teeth; long neck; mitral/tricuspid valve

[151]

prolapse; LVNC; pulmonary hypertension; pectus excavatum;
omphalocele; hydronephrosis; tall vertebrae; bowing of humerus/
radius/ulna/tibia; short distal phalanges of the fingers; pes planus;
coarse hair; delayed motor development; hoarse voice

(continued)
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Table 7.7 (continued)

Syndrome

Nail Patella syndrome

Noonan syndrome

Roifman syndrome

Sotos syndrome

Syndromic microphtalmia/
MIDAS syndrome
(MIcrophtalmia, dermal
aplasia, Sclerocornea)

Gene Inheritance Features

LMXIB AD Short stature; sensorineural hearing loss; ptosis; cataract; cleft lip/
palate; malformed sternum; hypoplasia of first ribs;
glomerulanephritis; renal failure; scoliosis; elbow deformities;
hypoplastic or absent patella; clinodactyly; talipes equinovarus;
longitudinal ridging nails; slow nail growth; koilonychias; anonychia;
aplasia pectaralis minor/biceps/triceps/quadriceps

Short stature; triangular face; low-set ears; hypertelorism;
downslanting palpebral fissures; epicanthal folds; myopia;
micrognathia; high-arched palate; low posterior hairline; webbed
neck; septal defects; pulmonic stenosis; patent ductus arteriosus;
pectus carinatum superiorly/pectus excavatum inferiorly;
cryptorchidism; clinodactyly; woolly hair; mental retardation (mild);
bleeding tendency; malignant schwannoma

Short-trunk dwarfism; long philtrum; strabismus; narrow and
downslanting palpebral fissures; long eyelashes; retinal dystrophy;
narrow upturned nose; LVNC; hepato-splenomegaly; spondylo-
epiphyseal dysplasia; eczema; hyperconvex nails; hypotonia; (mild)
mental retardation; hypogonadotropic hypogonadism; recurrent
infections; antibody deficiency

Length > 97th percentile in early adolescence; adult height often
normal; macrocephaly; frontal bossing, prognathism; pointed chin;
conductive hearing loss; downslant; nystagmus; strabismus; high
arched palate; premature tooth eruption; tooth agenesis; ASD; VSD;
PDA; advanced bone age; large hands and feet; developmental delay/
variable mental retardation; neonatal hypotonia; seizures; poor
coordination; behavioural problems

Short stature; microcephaly; hearing loss; microphthalmia;
sclerocornea; cataract; iris coloboma; retinopathy; septal defects;
cardiac conduction defects; cardiomyopathy; overriding aorta;
anteriorly placed anus; hypospadias; linear skin defects; corpus
callosum agenesis; hydrocephalus; mental retardation; seizures

PTPNII* AD
KRAS
SOS1
RAFI

XR

NSDI AD

HCCS XD

AD autosomal dominant, XD X-linked dominant, XR X-linked recessive.
*most frequently involved genes

Table 7.8 Chromosomal defects associated with left ventricular noncompaction (LVNC)

Chromosomal

defects

Deletion
1p36

1q43-q43

5q35.1¢35.3

7pl4.3pl4.l

18p
subtelomeric
deletion
22q11.2

Features

Microcephaly; sensorineural hearing loss; deep-set eyes; flat nose; cleft lip/palate; cardiomyopathy; septal
defects; patent ductus arteriosus; dilated aortic root; feeding problems; gastro-oesophageal reflux; short fifth
finger and clinodactyly; mental retardation (severe); seizures; hypotonia

Microcephaly; upslanting palpebral fissures; epicanthus, broad nasal bridge, micrognathia; low-set ears;
bow-shaped upper lip; widely spaced teeth; short webbed neck; congenital heart defects; mental retardation
(severe); speech impairment; seizures; corpus callosum agenesis

Facial hirsutism; synophrys; downslanting palpebral fissures; atrial septal defect and patent ductus arteriosus;
LVNC with sick sinus syndrome and second degree heart block; feeding problems; gastro-oesophageal reflux;
joint hypermobility

Ventricular septal defect, atrial septal defect, aortic valve dysplasia, mental retardation, sacral fistula, growth
retardation, microcephaly, facial dysmorphism

Oesophageal atresia, otodysplasia, short stature, deafness, mental retardation, facial dysmorphism

Velo-cardio-facial syndrome: Short stature; microcephaly; retrognathia; narrow palpebral fissures; square nasal
root; prominent tubular nose; cleft palate; velopharyngeal insufficiency; congenital heart defect (85%):
Ventricular septal defect; Fallot’s tetralogy; inguinal/umbilical hernia; slender hands and digits; learning
disability; mental retardation; schizophrenia; bipolar disorder

References
[152]

[153]

[154]

[155]

[156, 157]

References

(82,
158-162]
[163]

[164]

[162]

[162]

(147, 162]

(continued)
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Table 7.8 (continued)
Chromosomal
defects Features References
Numeric
4q trisomy/lq Senile-like appearance; narrow palpebral fissures; telecanthus; epicanthus; broad nasal bridge; low-set ears; [165]
monosomy long philtrum; dimple below lower lip; anteriorly displaced anus; rocker-bottom feet; mental retardation;
hypotonia, hypoplastic corpus callosum
Trisomy 13 Microcephaly; hypotelorism; cleft lip/palate; coloboma; low-set ears; septal defects; patent ductus arteriosus [166]
Polydactyly; overlapping fingers; mental retardation (severe); hypotonia; seizures
Trisomy 21 Short stature; brachycephaly; flat facial profile; conductive hearing loss; epicanthal folds; upslant; iris [11, 113]
brushfield spots; protruding tongue; congenital heart malformation; duodenal atresia; Hirschsprung disease;
joint laxity; single transverse palmar crease; excess nuchal skin; mental retardation; hypothyroidism; leukaemia
Mosaic Microcephaly; hypertelorism; preauricular pits/tags; low-set ears; micrognathia, long philtrum; septal defects;  [167]
trisomy 22 double aortic arch; clinodactyly; hypoplastic nails; hemiatrophy; mental retardation
45,X0 Turner syndrome: Short stature; short webbed neck; low hair line; broad nasal bridge; low-set ears; congenital ~ [162, 168,
(including heart defects: Aortic coarctation; bicuspid aortic valves; aortic dilatation; lymph-edema of hands and feet; renal 169]
mosaics) abnormalities: Single horseshoe kidney; renal vascular abnormalities; delayed puberty; amenorrhea; infertility;
hypothyroidism
Translocation
Robertsonian  Ventricular septal defect, mental retardation, linear cutaneous achromic lesions, growth retardation, toe [162]
t13;14 syndactyly (II-III), facial dysmorphism
Loci
6p24.3-21.1  LVNGC; bradycardia; pulmonary valve stenosis; atrial septal defect; left bronchial isomerism; azygous [54]
continuation of the inferior vena cava; polysplenia; intestinal malrotation
11pl5 LVNC; mild pulmonary stenosis; mild mitral valve prolapse; atrial septal defect [170]

Mitochondrial Disorders

Mitochondrial disorders often lead to multi-organ disease,
including central and peripheral nervous system, eyes, heart,
kidney and endocrine organs. One of the cardiac features
observed in mitochondrial disease is LVNC. Cardiac features
may be the first or only feature in patients suffering from a
mitochondrial disorder. In a study of 113 paediatric patients
with mitochondrial disease, LVNC was identified in 13%
[171]. Pignatelli et al. showed that 5 of the 36 paediatric
LVNC patients who underwent a skeletal muscular biopsy,
had morphologic and biochemical evidence for a mitochon-
drial defect, including a partial deficiency of complex I-III
of the mitochondrial respiratory chain [147]. Mutations in
mitochondrial DNA (mtDNA) and in nuclear DNA have
been identified in the mitochondrial disorders associated
with LVNC [172, 173].

Diagnostic Work-up

Work-up of an LVNC patient should focus on identifying the
underlying cause either genetic or other (Table 7.9).
Therapy

Treatment and follow-up of LVNC largely depend on co-

existent cardiomyopathy. When DCM is present, treatment
with ACE inhibitors and f-Blockers should be initiated as

soon as symptomatic heart failure with reduced left ventricu-
lar ejection fraction (HFrEF) occurs [175].

An important issue is the use of prophylactic anticoagu-
lants, in view of frequent thrombo-embolic events. The early
case reports and case series emphasized the high risk of
thromboembolism and advised routine anticoagulation
therapy. However, recent long-term follow-up studies found
no association between the presence and/or extent of hyper-
trabularization/noncompaction and risk of trombo-embolic
events [176-178]. Therefore, the mere presence of noncom-
paction does not seem to be an independent risk factor for
trombo-embolic events in DCM patients [47, 176, 179].

When selecting candidates for cardiac resynchronization
therapy (CRT) according to current guidelines for CRT, this
therapy has also been shown to be effective in LVNC patients,
with reported response rates >50% [180].

Heart transplantation has been performed in some LVNC
patients with severe heart failure [36, 55, 69, 181]. Left ven-
tricular restoration surgery has been reported successful in a
single patient [182]. Treatment with an implantable cardio-
verter defibrillator (ICD) will be discussed later.

Risk Stratification and Indications for ICD
Implantation

Patients at the highest risk for sudden death are patients who
previously experienced (aborted) cardiac arrest, ventricular
fibrillation and sustained VF. Family history of sudden death,
unexplained syncope (especially during exercise), abnormal
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Fig. 7.4 Human embryos at Carnegie stage 16 (a), stage 18 (b) and
after closing of the embryonic interventricular foramen (c). During
development, there is an extensive trabecular layer forming the greater
part of the ventricular wall thickness compared to the extent of the com-
pact layer. The trabecular layer becomes compacted and forms the pap-
illary muscles of the atrioventricular valves (asterisks) (Reproduced
from Freedom et al. [31] with permission)

Table 7.9 Proposed diagnostic work-up of a newly identified index
patient with LVNC (modified from the ACCF/AHA guidelines for the
diagnosis and management of heart failure in adults) [174]

History Chest pain; palpitations; intake of
alcohol, cocaine, medication;
chemotherapy; radiation; deficiencies
Cardiomyopathy; conduction disease,
arrhythmia, sudden cardiac or
unexplained death; neuromuscular
disease

Conduction disease; arrhythmia; sick
sinus syndrome; prolonged QT; Q-waves;
hypertrophy (see also Table 7.2)
Congenital heart disease; Jenni criteria;
left ventricular ejection fraction
Complete blood count; serum
electrolytes; blood urea nitrogen

serum creatinine, fasting blood glucose,
lipids, liver function tests

thyroid function, CRP, iron status,
creatine kinase, noradrenaline

cortisol, growth hormone

Antibodies: Coxsackie-; influenza-;
adeno-; echo-; cytomegalo-;human
immunodeficiency virus

Myocardial infarction; infiltrative
disease; myocarditis; dilated or
hypertrophic cardiomyopathy, late
gadolinium enhancement, NC/C ratio
Coronary artery disease

Family history

ECG

Echocardiography

Laboratory

Viral workup

CMR

Coronary angiography/
myocardial perfusion
scintigraphy
Mitochondrial workup When signs of mitochondrial disorder
(e.g. myopathy; deafness; diabetes;
encephalopathy; stroke-like episodes;
ophthalmoplegia; retinopathy

When signs of neuromuscular disease or
when family history is positive for
neuromuscular disease

Preferably for all cases

Core panel when available; when
unavailable ACTC1, MYBPC3, MYH7,
TNNI3, TNNT2 and TPM1 (see also
Fig. 7.5)

Neurologic examination

Genetic counselling
Genetic testing

blood pressure response during exercise tests, frequent pre-
mature ventricular beats on the resting ECG and/or nonsus-
tained ventricular tachycardia on Holter monitoring and
significantly impaired left ventricular function may be con-
sidered risk factors. The results from longitudinal studies
and the understanding of underlying disease mechanisms
will hopefully help to gain more insight into the risk factors
and allow more appropriate risk stratification.

Regular ICD indications include primary and secondary
prevention. For secondary prevention, i.e. after a previous
episode of aborted cardiac death or collapse due to sustained
VT or VF, current ICD guidelines advise ICD implantation.
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Clinical diagnosis NCCM proband

Genetic counselling and DNA analysis
Next Generation Sequencing Targeted Cardiomyopathy panel (core 45 gens®)
(or at least ACTC1, MYBPC3, MYH7, TNNI1, TNNT2 and TPM1)

Class 4 variation
(likely pathogenic)

Class 5 variation
(pathogenic)

. N .

No variation
(or class 1/2)

Class 3 variation
(unknown significance)

' '

Genetic counselling first-degree relatives (second-degree when indicated)

' !

Predictive DNA

. DNA analysis*
analysis combined with
/\ cardiac screening
No mutation Mutation

' !

Cardiac screening

Cardiac screening**
DNA analysis if
phenotype is present

No further analysis

Cardiac screening: Medical history, Physical exam, EGC, echocardiography, MR, X-ECG*, Holter*

N

Phenotype negative

Y !

Therapy and follow up
accordig to severity
of phenotype

Phenotype positive

Follow up every 1-2 years

Fig. 7.5 Flowchart for family screening in LVNC including =likely
pathogenic variants (class 4), sxvariants of unknown significance (class
3) and s#:xno variants or class 1 or 2 variants; # if clinically indicated;
@ core panel: ACTCI, ACTN2, ANKRDI, BAG3, CALR3, CAV3,
CRYAB, CSRP3, CTNNA3, DES, DSC2, DSG2, DSP, EMD, FHLI,

In the Rotterdam LVNC cohort of 67 patients, an ICD was
indicated in 42% according to current ICD guidelines
(n = 28; 21 primary and 7 for secondary prevention). After
long-term follow-up, appropriate ICD therapy occurred only
in patients in whom ICD was implanted for secondary pre-
vention (n = 3). Inappropriate ICD therapy occurred in 33%
of the patients with primary prevention and in 29% of the
patients with secondary prevention [183]. In another study,
follow-up of 12 patients who received an ICD showed over-
all appropriate therapy in 42% in primary and secondary pre-
vention combined. In primary prevention, 25% of ICD
therapy was appropriate as opposed to 50% in secondary
prevention [56]. In a recent long-term follow-up study, there
was no significant difference between HCM, DCM and

T Y

—

See*, *and***

GLA, JPH2, JUP, LAMA4, LAMP2, LMNA, LDB3, MIBI, MYBPC3,
MYH6, MYH7, MYL2, MYL3, MYOZ2, MYPN, NEXN, PKP2, PLN,
PRDM 16, PRKAG2, RBM20, SCN5A, TAZ, TCAP, TMEM43, TNNCI,
TNNI3, TNNT2, TPM1, TTN, TTR, VCL

LVNC patients with regard to appropriate and inappropriate
discharge of ICDs implanted in these patient groups [184].

Prognosis

Initially, LVNC was reported to have a grave prognosis.
However, the application of new imaging techniques allow-
ing diagnosing LVNC in asymptomatic individuals suggests
that the first observations were influenced by selection of
the most severely affected individuals. In children, age is
not a predictor of the outcome [185]. New York Heart
Association Class III or higher and presence of cardiovascu-
lar complications do seem to be a strong predictor [186]. It
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* Class 4 variation (Likely pathogenic)

Class 4 positive
Phenotype positive

DNA analysis *
combined with
cardiac screening

AN

Class 4 positive
Phenotype negative

Class 4 negative
Phenotype positive

Class 4 negative
Phenotype negative

Y

Y

Y

Y

Therapy and follow up
according to severity

Follow up every 2 years

Therapy and follow up
according to severity

Follow up every 5 years

of phenotype of phenotype, NGS panel

** Class 3 variation (unknown significance)

Cardiac screening™*
DNA analysis if
phenotype is present

Phenotype positive

PN

Class 3 positive

Phenotype negative

Class 3 negative No DNA testing

Therapy and follow up
according to severity
of phenotype

Therapy and follow up
according to severity
of phenotype, NGS panel

Follow up every 4 years

***No or class 1 or 2 variation (benign, likely benign)

*kk

| Cardiac screening

/\

| Phenotype positive | | Phenotype negative |

Therapy and follow up | Follow up every 4 years|
according to severity

of phenotype, NGS panel

Fig.7.5 (continued)
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has become clear that prognosis of LVNC is as variable as
the prognosis in other cardiomyopathies. Even in those with
presentation in early childhood, gradual improvement in
cardiac function may be observed, although in others
evolvement to severe heart failure requiring heart transplan-
tation does occur.

LVNC patients in whom contrast-enhanced myocardial
areas are present on CMR seem to have worse prognosis
compared to LVNC patients without contrast-enhanced
myocardial areas [187]. Also, LVNC patients with DCM
have worse prognosis compared to patients with HCM or
sporadic LVNC [188]. In contrast, genotype-negative LVNC
patients without overt cardiomyopathy have excellent prog-
nosis [178]. Malignant arrhythmias leading to sudden car-
diac death and heart failure are the main indicators of poor
prognosis, also in children [189]. The establishment of
appropriate risk stratification will be an important issue in
the near future in order to identify patients at risk and to help
prevent sudden cardiac death.

Recommendations During Pregnancy
and Delivery

Maternal risk in LVNC largely depends on the severity of the
concomitant cardiomyopathy and/or congenital heart dis-
ease. According to ESC guidelines, patients who are at high-
est risk for cardiac events (modified WHO class IV) have a
maternal event risk of 40-100%, this should be considered a
contra-indication for pregnancy. However, when pregnant,
patients should be offered counselling and should be referred
to an expert centre with close monthly follow-up. These
group of patients encompasses LVNC patients with peripar-
tum cardiomyopathy with any residual LV functional impair-
ment, LVEF <30% or NYHA class III-IV or severe mitral
valve or aortic valve stenosis. LVNC patients with moderate
risk for cardiac events (modified WHO class II-III) have a
maternal event rate of 10—-19% and should be offered coun-
selling and should be monitored bimonthly in a referral cen-
tre. Examples of cardiac disease that are associated with
LVNC in this WHO class are patients with HCM, patients
with moderate mitral valve or aortic valve disease, AVSD
and repaired coarctation [190].

Follow-Up Advice

The indication for cardiologic follow-up depends on indi-
vidual symptoms and cardiac abnormalities. In asymptom-
atic patients with preserved LV function, annual or biannual
cardiologic follow-up is recommended, including ECG and
echocardiography. When indicated, 24-h-Holter monitoring
and exercise testing could also be included in the follow-up.

Importantly, LNVC patients in whom one or more genetic
mutation(s) were found tended to have a worse prognosis
than patients with sporadic forms of LVNC and may justify
more strict follow-up [179].

Family Screening
Molecular and Cardiologic Family Screening

Familial LVNC has been estimated to occur in 18-71% of
adults with isolated LVNC, mostly consistent with an auto-
somal dominant mode of inheritance, indicating the impor-
tance of informing and examining relatives of patients with
isolated LVNC [4, 11, 19, 147, 191-194]. Since extensive
family studies showed that the majority of affected relatives
are asymptomatic, cardiologic evaluation should include all
adult relatives irrespective of medical history. Obviously,
taking a family history is by itself insufficient to identify
familial disease, given the high frequency of asymptomatic
disease in families [11]. In families where a pathogenic
mutation has been identified, relatives can be offered predic-
tive DNA analysis. In families without a pathogenic muta-
tion, cardiac family screening remains the method of choice
to identify relatives at risk of developing symptomatic car-
diomyopathy, who may benefit from early treatment. In fam-
ilies where a variant (class 3 or 4) is identified, DNA analysis
and cardiologic screening are advised as depicted in Fig. 7.5.

Apart from LVNC, other cardiomyopathies may co-occur
within families, like hypertrophic and dilated cardiomyopa-
thy, so cardiac screening should aim at identifying all cardio-
myopathies. Cardiac screening of relatives may show minor
abnormalities not fulfilling LVNC criteria, which may be
difficult to differentiate from normal physiologic trabecular-
ization. Hypothetically, these minor abnormalities might
develop into LVNC eventually. Longitudinal studies of
patients with mild LVNC features are needed to investigate
the natural history of these forms of noncompaction.

The proposed strategies for the molecular and cardiologic
evaluation of LVNC are depicted in the flowchart in Fig. 7.5.
Extensive genetic screening, preferably with a targeted car-
diomyopathy gene panel, may lead to the identification of a
molecular defect in over 40% of isolated LVNC patients and
in half of these patients an MYH7 mutation is found [11].

When no targeted panel is available, MYH7 gene sequenc-
ing should be considered as an initial approach, being the
most prevalent cause for LVNC in adults and children.
Further molecular analysis of the other genes within the
LVNC spectrum, which quantitatively have a relatively mod-
est contribution to LVNC morbidity, may be considered
when no mutation in MYH7 can be identified. Sarcomere
gene analysis is also warranted in paediatric patients, given
the high percentage of sarcomere mutations in this group.
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When an adult or paediatric patient is severely affected,
screening for a second molecular defect is advised, given the
high frequency of multiple mutations in LVNC.

Summary

LVNC is a relatively new, genetically heterogeneous, cardio-
myopathy. Clinical presentation and prognosis range from
asymptomatic disease with no or slow progression, to severe
disabling, rapidly progressive cardiac failure. Initial presen-
tation includes the triad of heart failure (potentially lethal)
arrhythmias and/or thrombo-embolism. In adults, the major-
ity of LVNC is isolated.

The first clinical presentation of LVNC may occur at all
ages, even prenatally. In childhood, clinical features are
often more severe and LVNC is frequently associated with
congenital heart defects. The echocardiographic diagnostic
criteria as proposed by Jenni et al. are convenient in daily
practice and currently the most widely applied. The general
cardiac guidelines for chronic heart failure and ICDs are
suitable and applicable to the LVNC population.

In as much as 40% of isolated LVNC, molecular testing
may yield a genetic defect, mostly in sarcomere genes. The
MYH?7 gene is the most prevalent disease gene. The noniso-
lated forms of LVNC are caused by a range of different (rare)
genetic defects. Until now, in half of familial isolated LVNC,
the genetic defect remains unknown. Genetic defects in a
large number of sarcomere and other cardiomyopathy genes
and in genes primarily associated with skeletal myopathies
indicate that LVNC may result from a wide range of patho-
physiologic mechanisms.

Shared genetic defects and familial aggregation of LVNC,
HCM and DCM indicate that LVNC may be part of a broad
spectrum of cardiomyopathies.

The genetic aetiology of LVNC requires that patients and
their relatives are offered genetic testing and counselling.
This may include (predictive) molecular analysis of rela-
tives, when applicable, and/or cardiac evaluation of at-risk
relatives, even when they are as yet asymptomatic.

Take-Home Messages

LVNC is regarded as a morphological trait and defined by a
specific ratio between noncompacted and compact myocar-
dium. When found in patients with DCM, it is defined as an
LVNC cardiomyopathy, which is a difficult (clinical) diagno-
sis and is genetic/hereditary in the majority of cases.

Sarcomere gene defects (especially in MYH7) are the
most frequent cause of genetic isolated LVNC.

Treatment consists of standard heart failure care and pre-
vention of arrhythmia.

Prognosis is highly variable, even within families depend-
ing on the underlying cardiomyopathy.

Relatives at risk may be asymptomatic, warranting active
screening and follow up of first-degree relatives.
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Restrictive Cardiomyopathy

R.L.Braam and J. G. Post

Introduction

According to a position statement of the European Society of
Cardiology, cardiomyopathies can be classified as dilated,
hypertrophic, arrhythmogenic, restrictive and ‘unclassified’
[1]. Restrictive cardiomyopathy (RCM) is probably the least
common type [1]. In RCM, ventricular filling is impeded
because of increased stiffness of the myocardium, causing a
rapid increase in ventricular pressure upon only small
increases in volume [1]. Biventricular chamber size, wall
thickness and systolic function are usually normal or near-
normal until later stages of the disease [2, 3].

RCM constitutes a heterogeneous group of disorders [4].
RCM can result from an inherited or acquired disease [2].
RCM may result from various systemic disorders, in particu-
lar amyloidosis, sarcoidosis, carcinoid heart disease, sclero-
derma and anthracycline toxicity (Table 8.1) [1].

Hypertensive and hypertrophic cardiomyopathy (HCM)
must be excluded [3]. In infiltrative processes, wall thickness
may be increased [3]. In Western countries, the most com-
mon cause of RCM is amyloidosis. Clinically differentiation
from constrictive pericarditis (CP) can be challenging [4]. In
genetic forms of RCM autosomal dominant as well as reces-
sive inheritance have been reported [4].

Clinical Presentation and Diagnosis

Heart failure is the most common initial manifestation [3].
Also, exercise intolerance, fatigue and lower extremity
oedema may occur [3]. Echocardiography will show normal
right and left ventricular function. A restrictive diastolic fill-
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Table 8.1 Classification of restrictive cardiomyopathy (RCM)

L. Infiltrative
1. Sarcoidosis
2. Amyloidosis
Acquired: AL (Ig light chain); AA (acute phase protein SAA);
‘senile’ (wild-type TTR)
Inherited: mutated TTR
3. Hemochromatosis
Acquired: Frequent blood transfusions (e.g. in patients with
Thalassemia major, etc.)
Inherited: Mutated HFE (and rare other genes)
II. Primary genetic RCM
III. Lysosomal storage diseases
1. Fabry disease
2. Gaucher disease
3. Glycogen storage diseases (Pompe, Danon, PRKAG2-WPW)
4. Mucopolysaccharidoses
IV. Cardiovascular causes
Acquired/multifactorial: Diabetes mellitus, autoimmune,
Scleroderma/systemic sclerosis
Inherited: Pseudoxanthoma elasticum, progeria
V. Endo(myo)cardial causes
1. Endomyocardial fibrosis
2. Endocardial fibroelastosis
3. Hypereosinophilic syndromes (e.g. eosinophilic leukaemia,
drug related etc.)
VI. Cancer related
1. Treatment related (drugs and radiotherapy)
2. Metastatic (including carcinoid)

ing pattern with biatrial enlargement will usually be present.
Advanced stages of RCM are characterized by a typical
restrictive physiology with a mitral inflow E/A ratio > 2.5,
deceleration time (DT) of E velocity < 150 ms, isovolumic
relaxation time (IVRT) < 50 ms, decreased septal and lateral
¢’ velocities (3—4 cm/s), E/e’ ratio > 14, as well as a markedly
increased left atrial (LA) volume index (>50 mL/m?) [5].
This advanced restrictive pattern is associated with the worst
prognosis [5]. Wall thickness is usually normal.

Cardiac magnetic resonance imaging (CMR) is a very
powerful diagnostic tool [3, 5]. Delayed myocardial enhance-
ment can be found in at least one-third of all cases of RCM
[3, 6]. The pattern of delayed enhancement can help to dif-
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ferentiate between e.g. Fabry disease, amyloidosis, endo-
myocardial fibrosis (EMF) and sarcoidosis [5]. The presence
of delayed enhancement also has prognostic impact.
Computed tomography (CT) can help to detect thickening
and calcification of the pericardium associated with CP [5].
Cardiac catheterization will show elevation of right- and
left-sided filling pressures along with reduction in cardiac
index [3]. Right atrial pressure is elevated, x and y descents
are prominent [3, 7]. A restrictive filling pattern is character-
ized by a so-called dip-and-plateau or square root sign. There
is a rapid early decrease in ventricular pressure at the onset of
diastole, followed by a rapid increase to a plateau in early
diastole [8, 9]. Endomyocardial biopsy can be helpful to diag-
nose the cause of RCM. CMR has diminished the need of
performing an endomyocardial biopsy [3]. A recent series
from Johns Hopkins showed that right ventricular biopsy was
diagnostic in 29% of patients with unexplained RCM [10].

Differentiation from Constrictive Pericarditis

As stated before differentiating RCM from CP can be chal-
lenging from a clinical viewpoint. Because the treatment for
these two entities is completely different, making the right
diagnosis is of great importance. In CP, the pericardium is
thickened, fibrous, and sometimes calcified. CP can be seen
in patients after cardiac surgery and in patients who received
chest irradiation for treatment of a malignancy [3, 11]. In
patients with RCM, the reduction in chamber compliance is
the result of a myocardial process, whereas in patients with
CP external constraint is the central problem [3].
Echocardiography, CMR and cardiac catheterization can
help to make the distinction between the two diseases.
Patients with CP exhibit exaggerated interventricular depen-
dence and dissociation between intracardiac and intratho-
racic pressures during respiration [12]. In CP with inspiration,
the lower intrathoracic pressure is transmitted to the pulmo-
nary veins, but not to the encased left atrium, therefore
reducing the pressure gradient and venous return to the left
heart. As the intracardiac volume is fixed by the encased
pericardium, venous return increases to the right heart
through the inferior vena cava because this vessel enters the
right atrium directly from the abdomen and is not exposed to
the intrathoracic pressure changes [12]. This exaggerated
interventricular dependence can be studied using echocar-
diography, CMR and during invasive hemodynamic mea-
surements, Fig. 8.1. In patients with RCM end-diastolic
filling pressures are elevated and a square root sign is pres-
ent, however there is no enhanced ventricular interdepen-
dence, with parallel changes in LV and RV pressure during
inspiration and expiration [13]. Thus, respiratory flow varia-
tion is absent in RCM, but is frequently noted in constrictive
pericarditis [3].

Of the echocardiographic imaging parameters, the most
useful one to distinguish between the two conditions is tissue
Doppler imaging. A normal tissue Doppler e’ velocity
(>8 cm/s) indicates normal LV relaxation and virtually
excludes RCM [14].

Echocardiography can detect pericardial thickening, but
CMR and CT are better. CMR has excellent accuracy (93%)
for detection of pericardial thickening >4 mm [15].
Myocardial delayed enhancement, indicative of myocardial
inflammation or fibrosis, is classically absent in CP [13].
Real-time, free-breathing image acquisition can be per-
formed using CMR, to assess ventricular septal motion dur-
ing respiration possible.

Chest radiography may demonstrate calcification of the
pericardium, best assessed on the lateral view, but this find-
ing is only seen in approximately one-quarter of patients
with CP [16].

Frequently, pericardial calcification not recognized on
chest X-ray is identified on CT [16]. Normal pericardial
thickness is <2 mm [17]. Although a pathologically thick-
ened pericardium (>4 mm) is highly suggestive of CP, lack
of this finding should not be used in isolation to exclude the
diagnosis, because pericardial thickness is normal in 18% of
patients with CP [18].

Brain natriuretic peptide (BNP) can be elevated in both
RCM and CP. Patients with RCM tend to have higher BNP
values, however there is significant overlap [19].

Table 8.2 summarizes important criteria that can be used
to differentiate between CP and RCM.

General Treatment of RCM

The treatment depends on the underlying cause of RCM. In
general, in the case of congestive symptoms diuretics can be
used. However, because stroke volume can decline rapidly
in case of RCM when hypovolemia occurs, the use of loop
diuretics should be monitored strictly [3]. Sodium restric-
tion and fluid restriction can be advised. Atrial fibrillation
and other supraventricular arrhythmias should be treated
using rhythm control rather than rate control to improve
stroke volume [3].

Several disorders that can manifest as RCM will now be
addressed in more detail.

Infiltrative Causes of RCM

Sarcoidosis

Sarcoidosis is a systemic granulomatous disease of unknown
aetiology [20]. Cardiac sarcoidosis generally occurs in
association with other manifestations of the systemic dis-
ease, but solitary cardiac symptomatology does occur [4].
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Table 8.2 Important criteria that can be used to differentiate between
CP and RCM

Favours Favours
Criteria Constriction ~ Restriction
Increased pericardial thickness on CT/ X
MRI
¢’ velocity decreased on X
echocardiography
Increased respiratory variation of X
transmitral flow and septal shift on
echocardiography
Enhanced respiratory ventricular X

interdependence demonstrated with

cardiac MRI or during invasive

hemodynamic measurements

Abnormal myocardial delayed X
enhancement on cardiac MRI

Adapted from Figure 10, ref. [13]

v

Cardiac infiltration by sarcoid granulomas may result in
increased stiffness of the heart, with overt features of
RCM. In addition, systolic dysfunction, conduction abnor-
malities and arrhythmias may be seen [4]. The role of genetic
factors is supported by familial clustering, increased concor-
dance in monozygotic twins and ethnic clustering [2, 4].
Genome-wide association studies have found the butyr-
ophilin-like 2 (BTNL2), annexin A11 and RAB23 genes to
be associated with sarcoidosis [2].

Cardiac Amyloidosis

Cardiac amyloidosis (CA) is frequently challenging to diag-
nose. As the diagnosis and treatment of CA will be covered
in full detail in a separate chapter, only a few points will be
made here. Concentric thickened heart walls in the absence
of known hypertension or valvular disease and low-to-
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Fig. 8.2 Electrocardiogram of a patient with cardiac amyloidosis (AL)
showing low voltages QRS complexes in the limb leads, being one of
the most common electrocardiogram abnormalities in AL cardiac amy-
loidosis (occurring in approximately 50%), it is less common in the

normal voltage in the QRS complex despite thickened heart
walls suggest CA [2], Fig. 8.2. There are two main types of
amyloid that commonly affect the heart: immunoglobulin
light chain associated amyloid (AL) and transthyretin amy-
loid (ATTR). Treatment depends on the type of amyloid [3].

Hemochromatosis
Hemochromatosis can cause a cardiomyopathy due to iron
overload. It is characterized in early stages by RCM, which
progresses to an end-stage dilated cardiomyopathy [21].
Excess iron accumulation can be due to increased gastro-
intestinal absorption or high parenteral iron administration,
due to frequent red blood cell transfusions, e.g. in patients
with thalassemia major and sickle cell disease [21]. Excess of
iron leads to formation of reactive oxygen-free radicals caus-
ing damage to proteins [21]. Iron deposition in the heart begins
in the epicardium, extending finally to the endocardium.
Hereditary hemochromatosis (HH) can be caused by
mutations of genes involved in iron metabolism, which cause
iron overload due to increased gastro-intestinal absorption
[21]. There are four types of HH. Type 1 HH is an autosomal
recessive disorder linked to mutations in the HFE gene that
encodes a protein involved in controlling gastro-intestinal
absorption of iron. Type 2 HH is associated with mutations

other forms of cardiac amyloidosis, being reported in approximately
25% of patients with familial disease and in approximately 40% of
patients with senile cardiac amyloidosis

of the HFE2 gene that encodes for homojuvelin [21].
Homojuvelin interacts with hepcidin, a key regulator of cir-
culating iron. A mutation in the gene coding for hepcidin
(HAMP) can also cause type 2 HH. Type 3 HH is associated
with mutations in the TfR2 gene that encodes for transferrin
receptor 2. Type 4 HH is caused by mutations in the SLC40A1
gene, which codes for ferroportin, a protein involved in iron
efflux [21].

Clinical Features

Type 1 and 4 hemochromatosis usually manifest during the
fourth or fifth decades of life, whereas type 2 typically pres-
ents by the second decade [21]. The onset of type 3 is usually
intermediate between types 1 and 2. The typical triad of
hemochromatosis consists of cirrhosis, skin bronzing and
diabetes mellitus.

Diagnostic Evaluation
Indicators of iron overload are a plasma transferrin satura-
tion >55% and serum ferritin >200 (for women) or 300 ng/
ml (for men). Genetic screening for mutations in the HFE
gene is widely available.

Echocardiography can be used to screen patients for iron
overload cardiomyopathy [21]. Unlike most infiltrative car-
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diomyopathies LV wall thickness is not increased [21].
Impaired diastolic LV function is an early finding. Advanced-
stage disease is characterized by left and right ventricular
dilatation and reduced left ventricular ejection fraction
(LVEF) (the dilated phenotype) or, alternatively, by restric-
tive LV filling with left atrial and right ventricular dilatation,
increased pulmonary artery pressure and preserved LVEF
(the restrictive phenotype) [22]. CMR can quantitate the
amount of iron load. Iron has a paramagnetic effect, shorten-
ing the T2-weighted relaxation time. T2 relaxation is more
sensitive than T2- or T1-based imaging for iron overload car-
diomyopathy [23]. In RCM due to iron overload, T2 values
are typically <20 ms [21]. A T2 value <10 ms is indicative
of severe iron overload and predicts subsequent risk of heart
failure [23].

Treatment

The mainstay of treatment is phlebotomy [21]. Iron chelation
therapy is an option when phlebotomy is not feasible [21].
Potential new therapies are antioxidants and calcium-channel
antagonists [21].

Primary Genetic RCM

Whereas RCM in adults is mostly symptomatic (‘second-
ary’) to underlying disease, RCM in children is most likely
‘primary’ caused by mutations in sarcomeric protein genes
[24]. When familial, RCM is often part of a phenotypic vari-
able spectrum of cardiomyopathies [25].

The classification of cardiomyopathies is subject to dis-
cussion. In 2006, a writing committee of the American Heart
Association distinguishes primary and secondary causes
[26]. When secondary the heart muscle is involved in a sys-
temic disease. A cardiomyopathy is classified as primary
when the disease affects (almost) exclusively the heart mus-
cle. An even more strict ‘primary’ definition would be that
the disease originates in the heart muscle. This would exclude
cardio-specific infections and leave little room for causes
other than genetic. ‘Primary genetic’ would then be a
tautology.

Most genes associated with primary RCM have a direct
role in the sarcomere. There have been few reports on RCM
caused by mutations in genes involved in the intermediate
filaments (IF) desmin and lamin A/C, which attach the sarco-
mere to the cytoskeleton. There are no mutations specific to
RCM. Sarcomeric genes mainly cause HCM and to a lesser
extend DCM. Mutations in the IF genes almost exclusively
give rise to DCM. Taking this genetic background into
account one could argue that primary RCM is equal to HCM
without thickening of the myocardium. This is corroborated
by the finding that in primary RCM the thickness of myocar-
dium is often in the high range, but not exceeding the upper

limit of what is considered normal. Other common features
are gadolinium late enhancement on CMR. Also, disarray of
cardiomyocytes is seen in endomyocardial biopsy.

Many reports describe primary genetic RCM as child-
hood disease leading to serious or fatal consequences. HCM
most often has its debut at young adult age. The age differ-
ence between primary RCM (assuming it to be a subtype of
HCM) and HCM may be explained by two factors. Firstly,
RCM at adult age is most often secondary (infiltrative,
tumour-related, etc.). Primary genetic RCM does occur at
adult age, but is outnumbered by the secondary causes.
Secondly, the severe expression of primary RCM compared
to HCM suggests the existence of a second hit. This may be
in the other allele of the same gene or in an independent sec-
ond gene. Caleshu et al reported on two patients with RCM
[24]. One with terminal heart failure at 22 years of age. She
was homozygous for an MYL3 mutation and heterozygous
for an MYL?2 mutation. Her mother was a double heterozy-
gote for the MYL3 and MYL2 mutations and had no symp-
toms of cardiomyopathy. The inclined conclusion is that
homozygosity of the MYL3 mutation is the cause of the
RCM. The second patient (pre-transplantation at age 35) was
homozygous for a mutation in TPMI1. Her heterozygous
father was diagnosed with HCM at age 42. The requirement
of a second hit clinically presents as a recessive mode of
inheritance, whereas HCM causing mutations are typically
autosomal dominant. On the other hand, there is compelling
evidence of dominantly acting mutations causing RCM. The
BAG Pro209Leu mutation by itself causes childhood RCM,
be it associated with myofibrillar myopathy [27]. As the
severe consequences prohibit offspring the BAG mutation
always occurs de novo (so the locus is a mutation ‘hot spot’).
One recurrence was reported as a consequence of somatic
mosaicism in the father [28]. De novo dominant mutations
causing childhood RCM also occur in TNNI3 [25, 29].
Mogensen et al. reviewed the TNNI3 gene to be the most
prevalent mutated gene in primary RCM [25]. In the only
familial case they describe the RCM mixed with
HCM. Another gene repeatedly reported to be involved in
primary RCM is FLNC, both as a de novo mutation with
childhood onset and dominantly inherited in families with
adult onset [30, 31].

The genes with the highest mutation rate in HCM, MYH7
and MYBPC3, are much less frequent in RCM. For MYH?7,
there are few if any recent publications. Wu et al. describe a
family with three affected members and one solitary index
with RCM caused by a nonsense mutation in MYBPC3 [32].

Brodehl et al. report a CRYAB mutation in a German
brother and sister who were diagnosed with RCM at age 19
and 28. Both were also carrier of a rare RBM20 variant. The
possibility of a compound heterozygous cause of the RCM
(fitting a ‘recessive’ double hit) was not considered [33]. An
MYPN nonsense mutation was described in two siblings
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who underwent heart transplantation because of RCM at age
19 and 22. Their mother, carrier of the mutation, was unaf-
fected, shedding doubt on the MYPN mutation to be the soli-
tary cause [34].

Three genes, classically associated with DCM rather than
HCM, have been tossed to cause primary RCM: TTN,
LMNA and DES. By means of linkage analysis, Peled et al.
found a TTN missense mutation in a three-generation family
[35]. Four family members were severely affected, five car-
rying the same haplotype were healthy. Seventeen genes and
one locus were excluded because of lack of segregation.
Since TTN missense mutations are very common (as much
as one in four individuals) and as many family members
were affected as unaffected further evidence is needed to
adopt the TTN gene in the list of genes associated with
RCM. Paller et al. describe an LMNA frameshift mutation
which is no doubt pathogenic, including an atrioventricular
(AV) conduction defect and progressive skeletal muscle
weakness [36]. The mother and sister were carrier of the
mutation, had bradycardia and conduction defects, but no
RCM (neither DCM). The authors state that an alternative,
more precise description of this patient’s phenotype would
be ‘mildly depressed LVEF and prominent restrictive fea-
tures’. Nevertheless, the phenotype at least closely resembles
the classical RCM phenotype. Publication of further families
is awaited. Arbustini et al. describe nine patients in four fam-
ilies with a DES mutation [37]. Eight of nine patients had an
AV block. LVEFs were below normal (40-50%), ventricular
sizes were normal (LVEDD 40-56 mm). Three of four muta-
tions were dominant (one de novo), one mutation was reces-
sive with three unaffected heterozygotes, including the
parents. Because of the presence in both LMNA and DES
families, it is tempting to hypothesize that RCM caused by
mutations in IF genes is somehow dependent on the presence
of AV conduction disturbances. Then the description of pri-
mary RCM being ‘HCM without hypertrophy’ needs to be
extended with ‘or can be evoked by an AV block’ especially
when caused by an IF mutation (e.g. LMNA or DES).

Lysosomal Storage Diseases

Fabry Disease

Fabry disease (FD) is a lysosomal storage disease resulting
from a deficiency of a-galactosidase A, which leads to the
accumulation of globotriaosylceramide in skin, eye, heart,
kidney, brain, vascular and nervous systems [38]. Males tend
to develop more severe symptoms, than females [38].
Clinical symptoms include painful extremities related to
peripheral neuropathy, angiokeratoma, adiaphoresis, corneal
opacities, auditory disturbance, renal disease, cerebrovascu-
lar disease, cardiac hypertrophy and arrhythmia [38]. A car-
diac variant of FD (cardiac FD), whose manifestations are

limited to the heart is reported and patients with this variant
type of the disease have residual a-Gal A activity, whereas it
is (nearly) absent in classic Fabry disease [39]. Therefore,
screening for FD is advised in patients even if classic FD
symptoms are missing.

FD is the second most prevalent lysosomal storage dis-
ease after Gaucher disease. The disease is caused by muta-
tions in the GLA gene [40]. The gene is located on the X
chromosome (Xq22.1 region), explaining the male predomi-
nance. Several hundred mutations in the gene have been
identified [4].

The prevalence of Fabry disease is estimated to range
from 1:17,000 to 1:117,000 males in Caucasians [4]. Cardiac
involvement may lead to (concentric) ventricular hypertro-
phy, conduction defects, coronary artery disease, valve insuf-
ficiencies and aortic root dilatation [4].

Echocardiography is a useful tool for screening, diagnos-
ing and follow-up evaluation in FD. The most frequent mor-
phological pattern in FD is concentric left ventricular
hypertrophy (LVH), but concentric remodelling, asymmetric
septal hypertrophy, eccentric or normal pattern are also
observed occasionally [38]. LV enlargement and diffuse
hypokinesia with posterior wall thinning, mimicking a
dilated phase of hypertrophic cardiomyopathy, is seen in
more advanced stage of FD. Left ventricular posterior wall
thinning is an important echocardiographic finding that pre-
cedes heart failure and cardiac death in patients with FD
[38]. Approximately 50% of patients with FD show myocar-
dial enhancement on late Gadolinium imaging in the basal
inferolateral left ventricular wall, usually involving the mid
and subepicardial part of the myocardial wall [41]. Low
native T1 values (prior to contrast administration) are postu-
lated to indicate sphingolipid accumulation in FD [42]. In a
recent study it has been shown that in patients with FD and
LVH, myocardial strain (measured by global longitudinal
strain) reduces with hypertrophy, storage (measured by a low
T1), ECG abnormalities and scar (measured by LGE). In
early disease (LVH negative), global longitudinal strain
impairs as native T1 reduces.

A definitive diagnosis can be made based on a low plasma
a-galactosidase A level in males or by analysis of the GLA
gene [4].

FD can be treated using enzyme replacement therapy
(ERT), which consists of the regular intravenous infusion of
a recombinant enzyme formulation [43]. Studies comparing
ERT to placebo show significant results in regard to micro-
vascular endothelial deposits of globotriaosylceramide and
in pain-related quality of life [43]. If ERT is started before
myocardial fibrosis has developed, a long-term improvement
of myocardial morphology, function and exercise capacity
can be achieved [44].

Another treatment option is oral chaperone therapy with
migalastat (Amicus Therapeutics) [45]. Migalastat
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(1-deoxygalactonojirimycin) is an oral small molecule chap-
erone that stabilizes endogenous GLA enzyme and supports
proper folding in the endoplasmic reticulum, leads to
increased endogenous enzymatic GLA activity in the lyso-
somes of patients with an amenable mutation [45]. These are
missense mutations that result in reduced enzymatic activity,
caused by misfolding of the enzyme, which the chaperone
can correct [44]. There are at least 359 amenable and 706
nonamenable mutations (on the basis of an in vitro test in
human embryonic kidney cells), according to a list published
by Amicus, which markets migalastat www.galafoldamena-
bilitytable.com, updated 16th May 2018) [44]. Recently
therapeutic cardiac goals for patients with FD have been
established [45].

Gaucher Disease

Although Gaucher disease (GD) is the most common lyso-
somal storage disease, it very rarely affects the heart (only
subtype 3, occurring 1 in 200,000) [4]. This is an autosomal
recessive  disease  attributable to  deficiency  of
B-glucocerebrosidase. The glucocerebrosidase gene is
located on chromosome 1g21, and more than 180 distinct
mutations are known [40]. There are three forms of the dis-
ease and in types 2 and 3, neurological manifestations are
present. In type 1, hepatosplenomegaly, bone marrow dis-
ease and skeletal abnormalities are present. Cardiac manifes-
tations are rare [4].

Glycogen Storage Disease

Disorders of glycogen metabolism most often affect the liver
and skeletal muscle, where glycogen is most abundant [4]
(see also Chap. 22). To date, 12 subforms of glycogen stor-
age disease (GSD) have been identified. The physiologic
importance of a given enzyme determines the clinical mani-
festations of the disease.

In general, hypoglycaemia, hepatomegaly and skeletal
muscle weakness and easy fatigability are the predominant
clinical features [4]. In GSD type II (Pompe disease) and Ila
(Danon disease), cardiac involvement may occur. The classic
infantile form is characterized by cardiomyopathy and severe
generalized muscular hypotonia [4]. The tongue may be
enlarged. Hepatomegaly also may be present and is usually
due to heart failure. Pompe disease is an autosomal recessive
disorder with considerable allelic heterogeneity. The defect
is attributable to deficiency of the lysosomal enzyme acid
a-glucosidase. The gene (GAA) is located at 17g25.3 [40].
There are >150 mutations including nonsense, gene rear-
rangements and splicing defects [40]. Complete absence of
enzyme activity results in early onset of severe disease,
whereas residual enzyme activity is seen in patients with
adult-onset disease [40].

Danon disease is a lysosomal storage disease caused by
deficiency of lysosome-associated membrane protein 2

(LAMP2) [40]. The gene is located at Xq24, and >60 muta-
tions have been reported [40]. It is an X-linked dominant dis-
ease. Once glucose enters the cell, it is either used for energy
production or stored as glycogen. Excess glycogen is broken
down in lysosomes, but with LAMP2 defects glycogen accu-
mulates in cardiac myocytes leading to the appearance of
vacuoles.

The usual clinical presentation is the result of disease in
skeletal and cardiac muscle with or without intellectual defi-
ciency. Males are more severely affected and present at a
younger age than females. Females usually have a more
benign course but there are reports of sudden cardiac death in
women.

The usual findings include LVH in males (HCM pheno-
copy) with extreme hypertrophy noted in some cases (maxi-
mum wall thickness as high as 65 mm) [40]. Follow-up of
these cases showed the subsequent development of LV dila-
tation and depression of LVEF. Some patients can also pres-
ent with a dilated cardiomyopathy. Wolf-Parkinson—White
(WPW) syndrome occurs in both males and females, though
with a much higher frequency in males. It is important to
consider Danon disease in patients with unexplained (con-
centric) LVH [40]. There is no specific treatment. For patients
with WPW syndrome, catheter ablation is usually effective.
Implantable cardiac defibrillator can be life-saving because
of the danger of sudden cardiac death. With progressive LV
dysfunction, cardiac transplantation should be considered.

Mucopolysaccharidoses

The mucopolysaccharidoses (MPS) are lysosomal storage
disorders caused by the deficiency of enzymes required for
the stepwise breakdown of glycosaminoglycans (GAGS),
previously known as mucopolysaccharides [4]. Fragments of
partially degraded GAGs accumulate in the lysosomes,
resulting in cellular dysfunction and clinical abnormalities.
These are rare conditions, with an estimated total incidence
of all types of MPS of approximately 1 in 20,000 live births.
Hurler syndrome is the severe form of MPS I and is charac-
terized by a broad spectrum of clinical problems including
skeletal abnormalities, hepatosplenomegaly and severe intel-
lectual deficiency [46]. The incidence is approximately 1 in
100,000 births.

Cardiovascular abnormalities are most frequently seen in
MPS types I, IT and VI [40]. Cardiac abnormalities become
apparent between birth and 5 years of age. These include
cardiomyopathy, endocardial fibroelastosis and valvular
regurgitation, which on itself or combined may lead to heart
failure. GAG storage within blood vessels causes irregular
and diffuse narrowing of the coronary arteries and irregular
lesions of the aorta. Coronary artery disease is often unrec-
ognized until autopsy examination; it should be considered
in affected patients with cardiac problems. ERT with laroni-
dase was approved for all phenotypes of MPS I in 2003 in
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Europe and the United States [47]. Mucopolysaccharidosis I
(Hunter syndrome) is caused by a deficiency of iduronate
2-sulfatase (IDS), which results in the storage of heparan and
dermatan sulphate. MPS 1I is caused by mutations in the
gene encoding for IDS, which is located on chromosome
X(q28. Although the disorder is X-linked, cases in females
have been reported on rare occasions [4].

Cardiovascular Causes of RCM

Pseudoxanthoma Elasticum

Pseudoxanthoma elasticum (PXE) is an autosomal recessive
disorder with ectopic mineralization. PXE manifests with
characteristic skin findings, ocular involvement and cardio-
vascular problems [46]. It may lead to peripheral and coro-
nary arterial occlusive disease as well as gastrointestinal
bleedings [4].

The classic forms of PXE are due to loss-of-function
mutations in the ATP-Binding Cassette Family C Member 6
(ABCC6) gene, which encodes the ABCC6 protein, a puta-
tive transmembrane efflux transporter expressed primarily in
the liver [46, 48]. This disorder leads to deposition of cal-
cium hydroxyapatite in various connective tissues.

The precise prevalence of PXE is estimated to be around
1 in 50,000, with a carrier frequency of 1:150-300 [48]. In a
study of 19 patients, it was found that systolic function was
normal, but diastolic parameters were abnormal in seven
patients [4, 49]. Explanations for these abnormalities could
be silent myocardial ischaemia due to early coronary involve-
ment and/or the direct consequences of ultrastructural defects
of the elastic tissue of the heart [49].

Recently, treatment of PXE with the bisphophonate eti-
dronate has been shown to reduce arterial calcification and
subretinal neovascularization events [50].

Scleroderma/Systemic Sclerosis

In systemic sclerosis (SSc), there is often involvement of
the pericardium, myocardium, conduction system and vas-
culature [51]. Patchy myocardial fibrosis as a result of
recurrent vasospasm of small vessels may lead to the clini-
cal picture of RCM [4]. Extensive fibrosis may be seen in
patients with a long history of Raynaud phenomenon [4].
Significant cardiac involvement in SSc portends a poor
prognosis. The relative risk of developing SSc is 1.6% in
families with a history of SSc and 0.026% in the general
population [52]. SSc is not the result of a single mutation
but rather results from multiple genetic variants that predis-
pose individuals to developing SSc [52]. Class II HLA
genes have the highest statistically significant association
with SSc; in particular, genetic polymorphisms in HLA-
DQAI1, HLA-DQB1, HLA-DPBI1 and HLA-DRBI1 have

been associated with SSc in more than five different stud-
ies. Many of the different genes associated with SSc are
also found in non-HLA loci [52].

Endo(Myo)Cardial Causes of RCM

Endomyocardial Fibrosis, Endocardial
Fibroelastosis and Hypereosinophilic Syndromes
The most common form of endomyocardial disease is EMF,
other forms are endocardial fibroelastosis (EF) and hypereo-
sinophilic syndromes (HES).

EMF was initially described in Uganda and is the most
common cause of RCM worldwide. It is commonly seen in
equatorial countries and accounts for a substantial percentage
of heart failure cases [21]. Malnutrition, parasitic infections
and genetic factors have been proposed as aetiological factors
[21]. Echocardiography in patients with EMF typically shows
small ventricles, normal wall thickness, dilated atria and val-
vular dysfunction [21]. CMR can help to confirm the pres-
ence of a left ventricular cavitary thrombus. Management
consists of sodium and fluid restriction, diuretics and aspirin
or anticoagulation in case of intracardiac thrombi [21].

EF is characterized by diffuse thickening of the left ven-
tricular endocardium [21]. Two forms have been described: a
dilated form (DCM phenotype) and an RCM phenotype in
which the LV cavity is small. A familial pattern is seen in the
majority. This disease is very rare and may respond to sur-
gery [21].

Eosinophils usually combat parasites and participate in
hypersensitivity and allergic responses. Eosinophilia can be
due to parasitic infections, malignancies, eosinophilic leu-
kaemia, allergic drug reactions or idiopathic causes [53].
Cardiac damage can result from eosinophilia [54]. In HES
affecting the heart (formerly known as Loeffler’s endocardi-
tis) damage to the endothelium and myocardium is caused by
highly active biological substances [21]. Most patients diag-
nosed with HES are between 20 and 50 years of age.
Eosinophilic heart disease has been categorized in three
phases: an acute necrotic phase; an intermediate phase with
thrombus formation and a fibrotic phase characterized by
impaired cardiac function, heart failure due to RCM with
also damage to chordal structures leading to mitral and tri-
cuspid regurgitation [21]. CMR can reliably detect the differ-
ent phases of the disease, Fig. 8.3 [55].

Treatment can be effective in the early stages of disease
[21]. Corticosteroids alone or in combination with cytolytic
therapies (hydroxyurea, interferon-alpha) have been shown
to improve the acute necrotic phase of disease [21, 56]. The
role for systemic anticoagulation in patients with intracar-
diac thrombi is controversial because treatment failures are
common [21].
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Fig. 8.3 A cardiac MRI showing an apical thrombus in the left ventricle (left panel) and extended subendocardial late enhancement (right panel)
in a patient with histologically proven hypereosinophilic syndrome

Cancer-Related Causes of RCM

Radiation-Induced Heart Disease

Radiation therapy can cause accelerated coronary artery dis-
ease, valvular dysfunction, RCM, aortopathy and constric-
tive pericarditis [21]. Especially in patients with high doses
of radiation (>30 Gray) effects can be seen. Radiation-
induced heart disease typically occurs after a latent period of
10-15 years [21]. Radiation-related RCM is due to inflam-
mation, microvascular injury and replacement fibrosis.
Management of established disease is symptomatic and con-
sists of diuretics to control volume overload [21].

Approach to a Patient Suspected of RCM

The main diagnostic work-up will consist of an extensive
medical history with particular focus on issues like cancer,
including leukaemia, medication, chronic diseases (infec-
tions, diabetes, autoimmune), anaemia, both in past and
present. A detailed family history, with focus on the pres-
ence of (cardio)myopathies, can give additional clues. A
thorough echocardiographic examination should be per-
formed, often extended with CMR and if indicated a PET-CT
scan. Laboratory investigations should include a serum-free
light chain assay and determination of ferritin and transfer-
rin saturation levels. A cardiogenetic panel (including sarco-

meric, lysosomal, TTR, HFE, ABCC6 (PXE)) should be
considered and in some cases an endomyocardial biopsy.
With increasing availability and reducing costs genetic anal-
ysis might become the investigation of first choice, espe-
cially at young age. After the age of 50, with a family history
negative for heart failure below 60, infiltrative causes are by
far the most common cause and need to be excluded
thoroughly.

Summary

RCM represents a heterogeneous group of diseases. In RCM
ventricular filling is impeded because of increased stiffness
of the myocardium, causing a rapid increase in ventricular
pressure upon only small increases in volume. Biventricular
chamber size, wall thickness and systolic function are usu-
ally normal or near-normal until later stages of the disease.
Differentiation form constrictive pericarditis is important but
can be challenging. RCM can result from an inherited or
acquired disease. Besides general supportive measures, treat-
ment of RCM depends on the underlying cause of
RCM. Searching for the underlying cause is of utmost
importance, since for several disorders more or less effective
treatment options are currently available.
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Take-Home Messages

When confronted with a patient with heart failure and
(near) normal wall thickness and systolic function, be
aware of RCM.

RCM represents a heterogeneous group of disorders, both
acquired and inherited.

In a patient with RCM extensive diagnostic evaluation is
indicated to look for an underlying cause.

Besides general supportive treatment options for heart
failure in RCM, in selected cases disease targeted treat-
ment is possible.
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Metabolic Cardiomyopathy

Ale$ Linhart

Introduction

Inborn errors of metabolism (IEM) represent a large end het-
erogeneous group of diseases caused by a variety of genetic
causes. Most important cardiomyopathy-causing diseases
include the following groups of metabolic defects [1, 2]:

e Disorders of amino acid and organic acid metabolism
(e.g. P-ketothiolase deficiency, tyrosinemia or oxalosis)
[3-5].

* Disorders of fatty acid metabolism represented by carni-
tine transport defects (systemic primary or muscle carni-
tine deficiency), and fatty acid oxidation defects (e.g. by
very long-chain or long-chain acyl-CoA dehydrogenase
deficiency) [6].

e Lysosomal storage diseases (LSDs) a heterogeneous
group of diseases where cardiac involvement is found in
disorders of glycogen, mucopolysaccharide and glyco-
sphingolipid lysosomal metabolism. The glycogen stor-
age diseases (GSDs) overlap in part with LSDs as Danon
and Pompe disease, causing cardiac hypertrophy and fail-
ure, can be categorized in both LSDs and GSDs. Among
LSDs, mucopolysaccharidoses (MPS) and Anderson
Fabry disease (AFD) are known to cause cardiomyopathy
and/or valvular involvement. Although some cardiac
abnormalities were described in other LSDs such as
Gaucher disease, most patients with this particular disor-
der show no sign of cardiac involvement [7, 8].

* Glycogen storage diseases (GSDs) may be characterized
either by lysosomal or extralysosomal glycogen storage.
Most diseases are characterized by skeletal myopathy.
Lysosomal storage with cardiac involvement includes
Danon and infantile Pompe disease. An example of sys-
temic diseases with cardiac involvement is Cori disease
(debrancher enzyme deficiency) [9]. In contrast, an iso-
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lated cardiac involvement characterized by hypertrophic
cardiomyopathy with AV conduction abnormalities and
preexcitation pattern on ECG is present in PRKAG?2 car-
diomyopathy caused by mutations in the gene encoding
the gamma-2 regulatory subunit of AMP-activated protein
kinase (AMPK) [10].

Incidence and Prevalence

Traditionally, the overall IEM incidence is estimated to be
around 1:4000 newborns. However, recent studies applying
genetic screening for different diseases indicate that the real
incidence may be substantially higher. However, interpreta-
tion of newborn screenings should be done with caution
since many detected mutations may be benign variants or
variants causing mild and/or late-onset phenotypes [11, 12].

So far, more than 1000 IEM were described in the litera-
ture. Of these, about 5% are believed to be associated with
some cardiac involvement. In paediatric patients, IEM is
believed to cause about one-fourth of cases of hypertrophic
cardiomyopathy. Most of infantile HCM cases are due to
infantile Pompe disease.

In adults, the prevalence of IEMs among patients with
cardiomyopathies is rapidly decreasing to numbers below
5%. Literature data about the prevalence should be inter-
preted with caution as many mutations found in targeted
screening programs of HCM patients were not properly con-
sidering the pathogenicity of the mutations and the preva-
lence may be overestimated. For example, in Fabry disease,
the reasonable estimate of the disease prevalence in HCM
cohorts is only about 1% although numbers as high as 12%
were reported in the past [2, 12].

Among paediatric DCM patients, IEMs are encountered
with a lower frequency (below 10%). A substantial propor-
tion of the cases are represented by oxidative phosphoryla-
tion defects. In adult patients, IEMs are believed to be rare.
However, some patients with burnt-out cardiomyopathies
may be affected for example by Danon disease [13].
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Aetiology/Pathophysiology

The biochemical aetiology may be described on the basis of
the biochemical defect (fatty acid metabolism, amino acid
metabolism), or by the affected organelle (lysosomal stor-
age, mitochondrial disease). In most cases, the underlying
metabolic defect is due to a missing or dysfunctional enzyme.
However, in some diseases, the defect may concern activator
proteins, proteins necessary for intracellular trafficking such
as lysosomal membrane proteins (LAMP2 deficiency—
Danon disease), or regulatory proteins (abnormal activation
of AMPK by a mutation in gamma-2 regulatory subunit in
PRKAG?2 cardiomyopathy) [1, 2, 14].

Cardiomyopathy caused by IEMs may be induced by dif-
ferent mechanisms affecting the cardiac muscle usually in
combination. The disorders characterized by the accumula-
tion of large macromolecules (glycogen, glycolipids, triglyc-
erides) may lead to disruption of normal sarcomere structure
and loss of its function. In addition, mechanical storage is
always associated with profound functional changes. The
second mechanism includes either direct or indirect impair-
ment of energy production and handling within the cells. The
inadequate energy supply is almost always provoking com-
pensatory changes in the form of hypertrophy. However, in
case of profound energy deficiency pro-apoptotic signals
may be triggered leading to cellular death and replacement
fibrosis. The latter mechanism may be caused also by toxic
metabolic products provoking changes in intracellular
homeostasis (e.g. pH maintenance) and increasing the oxida-
tive stress which in turn damages the oxidative metabolism
and worsens the energy deficiency [15].

Phenotypical manifestation is believed to reflect the pre-
vailing mechanism—hypertrophy develops mostly as a com-
pensatory mechanism but may be in part due to the storage
itself. In several storage diseases, such as AFD, a genuine
muscular hypertrophy contributes to the muscular mass
increase to a bigger extent as compared to the amount of
stored material. In contrast apoptosis (or necrosis in most
severe cases) provokes subsequent inflammatory and fibrotic
changes leading either to systolic dysfunction or severely
impaired ventricular filling. Valvular changes in MPS are ini-
tially caused by storage of glycosaminoglycans (GAGs),
lysosomal storage is also found in valvular fibroblasts in
AFD patients [16].

Clinical Presentation

The phenotypical manifestation of IEMs is heterogeneous.
Many diseases are characterized by a hypertrophic cardio-
myopathy (HCM) phenotype with or without subsequent
deterioration of systolic dysfunction to a burnt-out HCM
pattern. In others, the phenotype may be characterized from

early stages rather as a dilated cardiomyopathy (DCM). In
early stages, IEMs lead only rarely to a restrictive cardio-
myopathy (RCM) phenotype. However, a restrictive filling
pattern may develop in advanced stages of many
cardiomyopathies.

Many IEMs cause infantile forms of cardiomyopathy
(Pompe disease, primary carnitine deficiency). However,
several diseases become apparent only in adolescents (Danon
disease) or even in adult age (AFD). In spite of variable clini-
cal manifestations, the age of onset represents an important
criterium in the differential diagnosis [17, 18].

Electrophysiological manifestations are frequent in many
cardiomyopathies caused by IEMs. Glycogen storage dis-
eases and AFD lead frequently to PR shortening with or
without a preexcitation pattern. AV conduction disturbances
develop in later stages of many metabolic cardiomyopathies.
Many other arrhythmias develop in many cases of advanced
cardiomyopathies. However, some arrhythmias could
develop even in absence of clinically detectable structural
changes (e.g. in carnitine deficiency or in fatty acid oxidation
defects).

Valvular involvement is typically seen in mucopolysac-
charidoses and to a lesser extent in AFD [19].

Examples of Inborn Errors of Metabolism
Associated with Cardiac Involvement

Disorders of Amino Acid and Organic Acid
Metabolism

Defects in amino acid and organic acid metabolism are caus-
ing cardiomyopathy relatively rarely. Out of the listed dis-
eases, cardiac involvement is most predominant in primary
hyperoxaluria (PH). The disease is inherited as an autosomal
recessive trait. The metabolic defect involves glyoxylate
metabolism that causes increased production of oxalate.

PH is caused by mutations in three different genes that
encode enzymes involved in glyoxylate metabolism: type I,
alanine—glyoxylate aminotransferase (AGXT); type II, gly-
oxylate reductase/hydroxypyruvate reductase (GRHPR);
type III, 4-hydroxy-2-oxoglutarate aldolase (HOGAI). The
overwhelming majority is represented by PH type 1 (almost
80% of all cases). The estimated prevalence ranges between
1 and 3 per 1 million people [20].

The stored substance in PH is oxalate produced from the
excess of glyoxylate. PH has multisystemic manifestations
with kidney involvement by urolithiasis and nephrocalcino-
sis. Kidney impairment further decreases oxalate excretion
which accumulates within skin, skeletal system, retina, ves-
sels and myocardium. Cardiomyopathy is present in about
one-third of affected individuals and is characterized by
LVH, left atrial dilatation and arrhythmias including AV con-
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duction defects. Occasionally, restrictive cardiomyopathy
was reported. Cardiac involvement is at least partially revers-
ible after kidney and liver transplantation [5, 21].

Disorders of Fatty Acid Metabolism

Carnitine Transport Defects

Carnitine is an essential molecule for the transfer of long-
chain fatty acids across the mitochondrial membrane to
allow subsequent beta-oxidation. Carnitine deficiency states
include the primary defect, genetically caused and involving
directly the high-affinity carnitine transporter and secondary
carnitine deficiency induced by other inherited or acquired
metabolic defects.

Primary carnitine deficiency (PCD, also reported as car-
nitine uptake defect, carnitine transporter deficiency, sys-
temic carnitine deficiency), is an autosomal recessive
disorder caused by numerous mutations of SLC22A5, a
gene encoding the high-affinity carnitine transporter
OCTN?2 in the plasma membrane. More than 60 mutations
in the SLC22A5 gene (5q31.1 locus) have been found. The
incidence of PCD is about 1:40,000 with an approximate
1% carrier prevalence in the general population (high inci-
dence was reported in Faroe Islands while a lower inci-
dence was found in the United States—1:142,000 by
newborn screening) [22].

Defects of the OCNT? transporter protein result in urinary
carnitine loss, low circulating carnitine levels and intracellu-
lar carnitine depletion resulting in defective fatty acid oxida-
tion. Resulting in impairment of energy generation and
reduced ketogenesis that becomes more apparent during fast-
ing or stress. In addition, the defect induces an accumulation
of long-chain fatty acids in the cytoplasm of affected tissues.
The clinical manifestation is ranging from relatively benign
or asymptomatic course of the disease to severe cardiac mani-
festations in early childhood. Metabolic clinical symptoms
usually appear as episodes of hypoketotic hypoglycemia,
hepatomegaly and muscle weakness. Cardiac disease is asso-
ciated with intracellular lipid accumulation and fibrosis clini-
cally appearing as dilated or hypertrophic cardiomyopathy
with congestive heart failure and/or arrhythmias. The most
common presentation occurring in about two-third of infan-
tile cases is DCM or HCM which may become apparent in
early childhood (14 years). In late-onset phenotypes, cardio-
myopathy appears to be less frequent. However, cases pre-
senting with various arrhythmias were reported. Sudden
cardiac death may be the first manifestation in otherwise
asymptomatic adult individuals. Resting ECG may show
short QT interval with peaked T waves [23].

Heterozygotes for PCD can have decreased carnitine
transport activity and reduced plasma carnitine levels and
can develop benign cardiac hypertrophy. Some cases have

been associated with arrhythmias responding to carnitine
treatment.

The clinical diagnosis of PCD is based on the finding of
severe reduction of plasma or tissue carnitine levels (at least
five to ten times lower than in healthy controls—<5 or 8 pM,
normal 25-50 puM) with reduced renal reabsorption (<90%)
in presence of normal renal function and no abnormalities in
urine organic acids or impairment of fatty acid oxidation
(both potentially causing secondary carnitine deficiency),
confirmed defects of carnitine transport in fibroblasts, and
improvements with carnitine supplementation. Tandem mass
spectrometry (MS/MS) from dry blood spots combined with
genetic diagnosis using next-generation sequencing was
shown to be effective in newborn screening programs. The
sequencing method is relevant since about 15% of mutations
are within non-exonic regions [24].

Treatment is based on L-carnitine supplementation using
high doses of 100-400 mg/kg/day. It has been shown to rap-
idly improve cardiomyopathy and muscle weakness as well
as manifestations linked to fasting ketogenesis. The dose of
carnitine should be adapted according to plasma carnitine
level measurement. In case of treatment interruption, the dis-
ease usually reappears within a very short time.

Secondary carnitine deficiencies may be hereditary or
acquired. Secondary carnitine deficiency can be caused by a
number of organic acidemias, defects of fatty acid oxidation
and the carnitine cycle.

Other disturbances of carnitine system include carnitine
palmitoyltransferase defects which represent a disorder of
carnitine-related transport of long-chain fatty acids.
Cardiomyopathy was described as one of the manifestations
in infantile and neonatal CPT 2 deficiencies. Another rare
condition causing cardiac structural involvement and arrhyth-
mias is carnitine/acylcarnitine translocase deficiency [25].

Fatty Acid Oxidation Defects

Fatty acid oxidation (FAO) is an essential metabolic pathway
for energy production particularly in presence of high-
demand conditions. The process involves multiple mecha-
nisms including fatty acid uptake and activation, carnitine
and beta-oxidation cycle and electron transfer system.
Multiple diseases resulting from fatty acid oxidation defects
have been described. In a broader sense, these include also
above-mentioned carnitine transport defects and defects of
oxidative phosphorylation usually listed among mitochon-
drial diseases [26].

Fatty acid beta-oxidation taking place within the mito-
chondria may be affected by either intramitochondrial
B-oxidation defects of long-chain fatty acids affecting
membrane-bound enzymes, or 3-oxidation defects of short-
and medium-chain fatty acids affecting enzymes of the mito-
chondrial matrix. At least 20 separate transport proteins and
enzymes are required for activation and breakdown of fatty
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acids via FAO. Since under normal physiological conditions,
FAO provides up to 70% ATP for cardiac contraction, many
defects lead to cardiomyopathy. Almost all FAO disorders
are inherited as autosomal recessive diseases usually mani-
festing early in infants and children. The large phenotypical
spectrum may include growth retardation, neuropathies,
skeletal myopathy, liver failure, lactacidemia, hypoglycae-
mia and premature death. FAO disorders were shown to
cause about 25% of paediatric HCM and DCM and may
manifest with arrhythmias as well. However, later onset
forms can occur as well usually presenting as neuropathy,
myopathy and/or cardiac involvement with rhythm distur-
bances. More specifically, very long-chain acyl-CoA dehy-
drogenase deficiency—VLCAD and multiple acyl-CoA
dehydrogenase deficiency (glutaric academic type II)—
MCAD were shown to cause predominantly HCM, while
long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency—
LCHAD may cause either HCM or DCM [27].

The diagnosis in children requires a large spectrum of
laboratory tests including routine analysis up to assessments

of acylcarnitine levels, organic acids, plasma carnitine, acyl-
carnitines and urine acylglycine analysis. The definitive
diagnosis could be done by mutation analysis or measure-
ment of specific enzyme activity.

Currently, there is no specific treatment for FAO defects.
Common measures include reduction in fat intake, and
avoidance of prolonged fasting. Liver transplant may be con-
sidered in patients without significant neurological and sys-
temic involvement.

Lysosomal Storage Diseases (LSDs)

Anderson Fabry disease (AFD) is an X-linked syndrome
caused by the deficiency of alpha-galactosidase A (AGALA).
AFD belongs to a larger group of LSDs—sphingolipidoses.
The metabolic defect results in the accumulation of neutral
glycosphingolipids, primarily globotriaosylceramide (Gbs),
in various organs and tissues (Fig. 9.1). Deacylated form of
Gbs (lyso-Gb3, globotriaosylsphingosine) was found to be

Fig. 9.1 Histological changes in Anderson Fabry disease. Left panel:
Haematoxylin and eosin staining showing storage (perinuclear vacu-
oles) and hypertrophy of cardiomyocytes. Of note, the hypertrophy is
predominantly due to sarcomere thickening, storage contributes to a

lesser extent. Right panel: Electron microscopy showing typical lamel-
lar structures (“zebra bodies”) containing the stored substance—globo-
triaosylceramiide (Gb3)



9 Metabolic Cardiomyopathy

155

closely linked to the disease severity and may play a causal
role in the development of cellular and organ damage.

The disease is caused by a mutation within GLA gene
located q22.1 region of the X chromosome. Until now, more
than 1000 mutations were described. The frequency of AFD
based on neonatal screening studies is ranging from less than
1:1000 (founder’s effect in Taiwan) up to 1:3500 or more.
However, many mutations retrieved by the neonatal screen-
ing have unknown clinical significance or may lead to mild
clinical course (late-onset variants). The incidence of the
classical phenotype is estimated to 1 in 30,000-40,000 live
male births. Females are usually less affected than males.
However, due to random X-chromosome inactivation,
women with highly skewed inactivation patterns may have
clinical manifestations as severe as their male counterparts
[28, 29].

The classical phenotype of AFD is multisystemic. The
earliest manifestations include neuropathic pain, hypohidro-
sis, appearance of cutaneous lesions (angiokeratomas—Fig.
9.2) and gastrointestinal symptoms in children and adoles-
cents. Kidney involvement (proteinuria, renal failure)

Fig.9.2 Angiokeratomas represent a typical cutaneous finding in mul-
tisystemic or “classical” AFD phenotype. These reddish maculopapular
spots are distributed primarily within the bathing trunk of the body, on
genitalia, around the umbilicus and on extensor surfaces of upper limbs.

appears first as microalbuminuria and may become apparent
from the second or third decade of life. Neurological involve-
ment includes appearance of white matter lesions, premature
strokes, vertigo and hearing impairment. Ocular changes
include cornea verticillata (Fig. 9.3), tortuous vessels and
Fabry posterior cataract [30].

Cardiac involvement usually manifests during the third or
fourth decade of life (later in women) and includes develop-
ment of HCM, posterolateral fibrosis, heart failure due to
impaired left ventricular filling, and arrhythmias (chrono-
tropic incompetence, atrial fibrillation, AV conduction
abnormalities, malignant arrhythmias) (Figs. 9.4, 9.5, 9.6
and 9.7). ICDs should be considered in patients with
advanced disease keeping in mind that ICD indication crite-
ria developed for HCM are not applicable [31, 32].

In some patients, the disease remains limited to one organ
and leads to ‘“variant” late-onset manifestation usually
appearing as cardiac hypertrophy, arrhythmias and failure.
Many of the variant manifestations are found in patients with
missense mutations and some preserved residual enzyme
activity [33].
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The appearance of angiokeratomas occurs namely in male patients
within the first and more so the second decade of life. In later onset
variants and in women angiokeratomas may never develop. The lesions
do not respond to enzyme replacement therapy
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The diagnosis of AFD is established by an assessment of
AGALA activity in male patients (e.g. within leukocytes or
plasma, dry blood-spot testing methods are available). In
some females, the enzyme activity may be borderline or nor-
mal. Therefore, GLA gene sequencing seems to be the most
straightforward diagnostic approach in women with disease
suspicion. Some screening strategies are using lyso-Gb;
assessment to identify affected women before proceeding to

Fig. 9.3 Cornea verticillata represents a typical ocular finding in
AFD. These spoke-like corneal opacities may be also seen after amio-
darone and chloroquine prolonged administration
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Fig. 9.4 Typical ECG from a male AFD patient showing PR interval
shortening, right bundle branch block pattern, signs of LV hypertrophy
and marked diffuse repolarization changes. Short PR interval is not due

gene sequencing. In the last decade, it became obvious that
several mutations originally associated with the disease are in
fact benign polymorphisms or cause only pseudodeficiency.
In presence of VUS, organ biopsy (skin, kidney, heart) should
be considered before initiating the treatment [34-36].

Enzyme replacement therapy (ERT) is widely available rep-
resented by two preparations available on the EU market (agal-
sidase alfa and agalsidase beta). Both enzymes are administered
in a short bi-weekly infusion at different doses (agalsidase alfa
0.2 mg/kg/EOW, agalsidase beta 1.0 mg/kg/EOW). ERT was
shown to reduce the progression of kidney disease, decrease
peripheral pain and improve gastrointestinal symptoms.
Cardiac structural changes regress to a lesser extent but long-
term stabilization may be achieved in many cases. Data from
two global registries are suggesting an improved survival and
decreased rate of clinical complications [37, 38].

Recently a pharmacological chaperone stabilizing the mis-
folded enzyme—migalastat—was approved for the clinical
use in EU. Migalastat, a low-molecular-weight iminosugar, is
effective only in patients with amenable mutations allowing a
synthesis of a functional but misfolded enzyme. It binds to the
active site of the enzyme and facilitates the proper trafficking
to lysosomes where it dissociates and allows a-galactosidase
to catabolize accumulated substrates. First trials have shown
significant improvements in LVH [39, 40].

Several novel enzymes (e.g. plant-derived pegylated
pegunigalsidase alfa), substrate reduction therapies (lucera-
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Fig. 9.5 Echocardiographic findings in AFD demonstrating the presence of left (and to a lesser extent also right) ventricular hypertrophy, mild-
to-moderate mitral regurgitation due to valvular changes and impaired (pseudonormal) left ventricular filling pattern

Fig.9.6 Cardiac MRI findings in AFD showing diffuse left ventricular  typical localization for AFD, affecting midwall layer of the posterolat-
hypertrophy (left panel) and replacement fibrosis demonstrated by late  eral basal left ventricular segments
gadolinium enhancement (right panel—green arrows) distributed in a
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Fig. 9.7 Autopsy finding from a 52-year-old male AFD patient dying
from congestive heart failure after cardiac surgery. Of note are the
excessive hypertrophy and apparent fibrosis

stat and venglustat inhibiting glucosylceramide synthase)
and genetic treatments (using ex vivo or in vivo gene editing)
are being developed and tested in clinical trials [41-43].

Mucopolysaccharidoses (MPS) represent a group of
LSDs caused by the absence of functional enzymes that
degrade glycosaminoglycans (GAGs). Genetic causes are
known for defects in 11 enzymes and the disease is divided
in seven main clinical types. The estimated incidence is
1:25,000 newborns [44, 45].

The deficiency leads to progressive systemic deposition
of GAGs and results in multi-organ involvement. The clini-
cal manifestation depends on the deposited GAG type and
the specific enzyme mutation present. Based on the severity
and age at onset, some of the MPS syndromes have been
categorized into slowly and rapidly progressing subtypes.
Cardiac involvement has been described in all MPS syn-
dromes [46]. In particular, it appears common in:

e MPS I—divided into three subtypes based on severity of
symptoms: Hurler (MPS I H), Hurler—Scheie (MPS I HS)
and Scheie (MPS I S). Hurler disease is the most severe

while Scheie disease is the mildest form. MPS I is caused
by deficiency of a-L-iduronidase and inherited as a reces-
sive disease encoded by IDUA gene located on 4p16.3
chromosome region [47, 48].

e MPS II—Hunter syndrome and X-linked disease caused
by iduronate sulfatase (IDS) deficiency encoded by IDS
gene located on Xq28 chromosome region. The incidence
of MPS 1I is ranging from 1 in 100,000-150,000 male
births. Heterozygous female carriers may develop mild-
to-moderate symptoms in case of skewed X-chromosome
inactivation.

e MPS IV Morquio syndrome (Morquio—Brailsford syn-
drome)—This syndrome has two forms, Morquio A and
Morquio B; MPS IVA is caused by a defect in the GALNS
gene (16q24, galactosamine-6 sulfatase), MPS IV B
involves a malfunction of the GLB1 gene (3p22, beta-
galactosidase). The incidence is estimated at between 1 in
200,000 and 1 in 300,000 live births [49, 50].

e MPS VI—Maroteaux—Lamy syndrome, an autosomal
recessive syndrome caused by N-acetylgalactosamine-4-
sulfatase deficiency encoded by ARSB gene located on
5q14.1 chromosome region [51, 52].

e MPS VII—Sly syndrome, an autosomal recessive very
rare disease caused by beta-glucuronidase deficiency. The
causative gene has been located on 7q21-q22 and more
than 40 mutations have been identified [53, 54].

The multisystemic involvement usually appears relatively
early in life. The cardiac pathology often develops earlier in
life in individuals with more rapidly progressing types of
MPS. However, there are also mild cases that are discovered
during adolescence or adulthood following presentation with
skeletal abnormalities (thoracic kyphosis, growth retarda-
tion) and/or valvular disease.

Systemic abnormalities found in MPS include growth
retardation, dysmorphic facial characteristics, skeletal and
joint deformities (dysostosis multiplex), central nervous sys-
tem involvement (mental retardation, spinal cord compres-
sion, increased intracranial pressure, hearing impairment)
and ocular (corneal clouding, retinal degeneration and blind-
ness). In some patients, respiratory difficulties develop and
patients may suffer from gastrointestinal pathology (hepato-
splenomegaly, bowel dysfunction) and umbilical or inguinal
hernias. Premature death in untreated MPS syndromes is
most commonly a result of respiratory compromise and car-
diac disease.

Cardiac abnormalities include valve thickening and dys-
function (mitral and aortic valves are more severely involved
than right heart valves). Mitral valve appears to be involved
more often than the aortic. Although the disease may result
in stenotic lesions, most patients suffer from regurgitations
(Fig. 9.8). The management of valvular disease is compli-
cated by the high risk of general anaesthesia and related spi-
nal cord injuries [55, 56].
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Fig. 9.8 Echocardiographic finding from a patient with Morquio syndrome with aortic valve involvement and aortic regurgitation (arrow) (cour-
tesy J. Marek, Great Ormond Street Hospital, London, UK)

Cardiac hypertrophy and diastolic dysfunction have been
repeatedly described. Later stages may progress into LV dil-
atation and dysfunction. Conduction abnormalities including
high-degree AV block develops due to conduction system
infiltration [57].

Although very premature coronary disease has been
described in all types of MPS, it appears most common in
MPS I and MPS II. Stenotic or occlusive lesions are caused
by progressive diffuse intimal proliferation from GAGs
deposition within large epicardial coronary arteries. The dis-
ease may emerge silently but may result in significant left
ventricular impairment due to ischaemia [58].

The first laboratory screening test for an MPS disorder is
a urine test for GAGs. Although abnormal values suggest
with high probability the presence of an MPS disorder, nega-
tive results do not fully exclude the diagnosis.

A definitive diagnosis is made by assessment enzymatic
activity for the respective disease either in serum, white
blood cells or fibroblasts from skin biopsy, and genetic test-
ing. Prenatal diagnosis is possible from amniocentesis and
chorionic villus sampling [59].

Current therapeutic strategies differ according to the type
of MPS and include valvular surgery, ERT or haematopoietic

stem cell transplantation [60, 61]. Although stem cell trans-
plantation results in regression of cardiac hypertrophy and
prevents cardiac function deterioration, it has little if any
effect on already existing valvular lesions. ERT using human
recombinant enzyme by regular intravenous infusion is
approved for MPS I (laronidase), MPS II (idursulfase), MPS
IVA (elosulfase alfa), MPS VI (galsulfase) and MPS VII
(vestronidase alfa-vjbk) [62]. Similarly to stem cell trans-
plantation, beneficial effects of ERT on the myocardium
were observed while limited data are suggesting stabilization
or regression of valvular involvement. This may be in part
due to the fact that ERT is often started relatively late (after
several years of disease progression). Documented cases
with very early treatment beginning are suggesting that ERT
may prevent or substantially delay the cardiac disease devel-
opment [63, 64].

Glycogen Storage Diseases (GSDs)
Glycogen storage diseases may be caused by different

defects of glycogen synthesis and degradation. Glycogen
itself is a branched glucose polymer serving as a rapid source
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of deposited energy for muscle tissue. The degradation of
glycogen is linked to the lysosome. Therefore, some GSDs
may be classified as lysosomal storage diseases while others
induce little or no lysosomal storage [65].

Disease manifestations are caused either by energetic
deficiency due to inability to use the glycogen during fasting
or exercise or by toxic effects of the accumulated glycogen.
In addition, the deposits induce disturbances in cellular
architecture, affect cellular biophysical properties and
impair lysosomal or mitochondrial function. The condition
leads to development of hypertrophy with variable and pro-
gressive degree of systolic dysfunction. Electrophysiological
abnormalities include accelerated conduction at the early
stage followed by development of AV blocks and/or other
arrhythmias [8].

Pompe disease or glycogen storage disease type II (GSD
II) is an autosomal recessive disorder caused by a mutation
in acid alpha-glucosidase (GAA also known as acid maltase)
gene leading to the corresponding enzyme deficiency. The
gene is located on 17g25.3 region. The estimated incidence
is ranging from 1:14,000 to 1:300,000 newborns depending
on the ethnicity (combined incidence estimate about
1:40,000) [66].

v

09,/02/2006 12:46:40

In Pompe disease, the glycogen accumulates mainly in
lysosomes affecting multiple organs with predominant
involvement of skeletal, cardiac and smooth muscle cells.

The disease is classified by age of onset, organ involve-
ment, severity and progression rate. Severity of the disease
depends on the age of onset and extent of muscular involve-
ment. The clinical tableau is dominated by muscular weak-
ness and hypotonia, respiratory and cardiac failure. The heart
is particularly severely affected by cardiomegaly due to
HCM in infantile-onset Pompe disease (Fig. 9.9). In contrast
later onset forms typically involve skeletal muscles without
severe cardiomyopathy [67].

The cardiac hypertrophy in infantile-onset Pompe disease
is affecting both ventricles. Wall thickening is usually very
prominent and may be associated with outflow tract obstruc-
tion. ECG pattern shows broad and high-voltage QRS com-
plexes often accompanied by signs of pre-excitation. This
type of disorder often presents in the first 2 months of life
with hypotonia, generalized muscle weakness, cardiomyop-
athy, feeding difficulties, failure to thrive, respiratory distress
and hearing loss. Without ERT, the classic infantile-onset
Pompe disease results in death in the first year of life. The
non-classic variant of infantile-onset Pompe disease and

Fig.9.9 Echocardiography obtained in a newborn patient affected by Pompe disease. The image is dominated by a massive left ventricular hyper-
trophy. Colour Doppler mapping demonstrates a significant mitral regurgitation (courtesy J. Marek, Great Ormond Street Hospital, London, UK)
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late-onset (juvenile and adult-onset) Pompe disease are char-
acterized by proximal muscle weakness and respiratory
insufficiency usually without clinically significant cardiac
involvement [68, 69].

The diagnosis is based on the evidence of absence
(infantile-onset) or substantially reduced (late-onset) GAA
activity in tissues such as skin fibroblasts, muscle biopsy or
leukocytes (more precisely isolated lymphocytes). In addi-
tion, dry blood spot tests are available for screening pur-
poses. Muscle biopsy shows presence of vacuoles staining
positive for glycogen that may involve not only lysosomes
but may extend to cytoplasm as well. Glc4 may be used as
biomarker. More than 100 mutations have been identified
some of them showing regional or ethnic predominance [70].

Substantial improvements have been reported in infantile
type of Pompe disease using ERT by alglucosidase alfa, par-
ticularly in subjects not developing antibodies against the
protein. As in Fabry disease, the research continues having
as target development of more efficient enzymes, chaperones
and gene therapies [71-73].

Danon disease is also known as lysosomal glycogen-
storage disease with normal acid maltase. It is an X-linked
disease caused by a deficiency of lysosomal-associated
membrane protein-2 (LAMP-2 also known as CD107b),
which increases the autophagic flux. Alternative splicing of
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the gene produces three isoforms of which the LAMP-2B is
associated with Danon disease. About 70 different mutations
were identified, all affecting at least the 2B isoform.
Immunohistochemical staining shows absent LAMP2 pro-
tein [74].

In Danon disease, the cytoplasm of skeletal muscles and
myocardium becomes filled with vacuoles containing
autophagic material and glycogen [75]. The excessive intra-
sarcomeric glycogen accumulation is responsible for the
severe myocardial hypertrophy and preexcitation pattern (in
spite of the characteristic ECG pattern, the preexcitation
nature of this finding has been recently disputed) (Fig. 9.10)
[76, 77]. The cellular defect is causing an elevation in oxida-
tive stress and leading to apoptosis and extensive fibrosis in
later stages of the disease [78, 79].

The age of onset and severity of manifestation are variable.
Due to X-linked type of inheritance, the disease is milder and
begins later in affected women than in men. In classically
affected men, the disease develops in the second decade of
life. In most cases, it’s course is rapidly progressive leading to
death between the second and third decades. Isolated cardiac
involvement has been repeatedly described. Missense muta-
tions may lead to milder forms of the disease [80].

The typical phenotype of Danon disease usually includes
cardiomyopathy, skeletal myopathy and mental retardation

Cofffrmed By: confirfnjconfirny

ID:1004 EDT: 9 I9- AY-2016 ORDER:

Page 1 of 1

Fig. 9.10 ECG tracing from a 17-year-old male patient affected by Danon disease. Of note are the short PR interval and WPW preexcitation

pattern
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Fig. 9.11 Cardiac MRI from a 17-year-old male patient affected by Danon disease showing diffuse homogenous left ventricular hypertrophy
(upper panels). Extensive fibrosis is demonstrated by late gadolinium enhancement (lower panels)

(Fig. 9.11). Classical patients have elevated serum CPK lev-
els, lactate, abnormal liver functional tests and natriuretic
peptides. Cardiac symptoms include palpitations, syncope
and shortness of breath or sudden cardiac death. Depending
on the stage of the disease it may resemble hypertrophic car-
diomyopathy but in many cases progresses to ventricular
dysfunction with congestive heart failure and complicates
with arrhythmias [81, 82].

Diagnosis is complex and includes evidence of elevated
CPK and liver functional tests as first-line assessments. Acid
maltase level assessment show normal levels and exclude
Pompe disease. Muscle biopsy confirms the diagnosis by

showing typical cytoplasmic accumulation of autophagic
vacuoles and immunohistochemistry showing LAMP2 pro-
tein deficiency. The diagnosis is completed by genetic muta-
tion analysis of LAMP2 gene which is now part of most
hypertrophic cardiomyopathy gene testing panels.

So far, there is no specific treatment for the inherent meta-
bolic defect. The management should include all measures
preventing heart failure progression, arrhythmias and sudden
cardiac death. ICD implantation should be considered early
particularly in cases with extensive fibrosis [83—85].

PRKAG2 cardiomyopathy, sometimes described as
PRKAG?2 syndrome, is caused by mutations in the gene
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encoding for the 5" adenosine monophosphate-activated pro-
tein kinase (AMPK), specifically for its y2 regulatory sub-
unit (PRKAG2) [86].

The enzyme is involved in regulation of cellular energy
handling. AMPK dysfunction associated with the disease
alters myocyte glucose and fatty acid uptake, storage and
mobilization and causes storage of glycogen and amylopec-
tin. Due to this feature, the cardiomyopathy is often classi-
fied among glycogen storage disorders [87].

The gene encoding PRKAG?2 is located on 7q36.1 locus.
Most mutations described so far were missense. The inheri-
tance pattern is autosomal dominant [88, 89].

The exact prevalence and incidence of the disease remain
unknown. Although the disease may be rare among
unselected patients with HCM, it was frequently found
among those with AV conduction abnormalities. The onset of
symptoms is variable and ranges from childhood to fourth or
fifth decade of life. The most severe mutation c.1592G>A
(Arg531GIn) may even lead to death within first months of
life. Systemic manifestations including skeletal myopathy
are relatively rare [90].

The cardiomyopathy associated with PRKAG?2 is usu-
ally hypertrophic with progressive development of diastolic
and eventually systolic heart failure. Moreover, the syn-
drome often comprises supraventricular tachycardias (atrial
flutter and/or fibrillation), and preexcitation pattern on
ECG with proven accessory pathways on electrophysiolog-
ical studies. In later stages of the disease, atrioventricular
conduction deteriorates leading to AV blocks of variable
degrees. Many patients suffer from symptoms related to
chronotropic incompetence either due to AV blocks or to
sinus bradycardia. Sudden cardiac death may complicate
the disease irrespective of presence or absence of severe
LVH [91].

The diagnosis is based on clinical manifestations and
genetic testing. There is no specific treatment for PRKAG?2
cardiomyopathy.

Summary

Metabolic cardiomyopathies represent phenocopies of either
hypertrophic, dilated or restrictive cardiomyopathies.
Although as individual diseases they may be considered as
rare disorders, their overall incidence is relatively high and
inborn metabolic errors may be responsible for a substantial
proportion of cardiomyopathies, particularly in paediatric
patients. In many diseases, the metabolic defect leads to sys-
temic manifestations with other organ involvement (skin,
bones, liver, central or peripheral nervous system) which
may be more apparent than cardiac structural and functional
changes. However, many later onset phenotypes may be

restricted to the cardiac muscle. Therefore, metabolic dis-
eases should be always considered during the diagnostic
process.

Take-Home Message

In presence of cardiomyopathy of unknown cause, all efforts
should be made to identify the underlying mechanism.
Among early-onset infantile diseases, Pompe disease, sev-
eral types of MPS and primary carnitine deficiency represent
potentially treatable conditions. In adults, Anderson Fabry
disease and transthyretin amyloidosis could be effectively
treated as well. Therefore, the knowledge of associated sys-
temic manifestations is essential, and these conditions should
be considered in diagnostic panels for respective
cardiomyopathies.
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Introduction

Cardiac amyloidosis is the most common form of infiltrative
cardiomyopathy [1]. Historically, there were no effective
therapies, and the prognosis was accordingly very grim.
Improved understanding of the pathogenesis of this condi-
tion has facilitated better therapeutic options, which should
lead to earlier diagnoses and better outcomes. This chapter
addresses the etiology, pathogenesis, and clinical presenta-
tions of cardiac amyloidosis. It will also include traditional
therapies, novel pharmacologic strategies, and electrophysi-
ological implications for cardiac amyloidosis.

The most common forms of amyloid affecting the heart
are caused by aggregation of immunoglobulin light chains
(AL) or transthyretin (ATTR). Nomenclature for amyloido-
sis typically uses letters corresponding to the mutant protein.
When immunoglobulin light chains are deposited as amy-
loid, it is called AL. When transthyretin deposits as amyloid,
the proper designation is ATTR. While deposition of serum
amyloid protein A (AA) due to chronic inflammation may be
seen with noncardiac manifestations, it rarely causes mean-
ingful cardiac dysfunction. ATTR is caused either by desta-
bilizing mutations, which occur throughout the 77R gene, or
in the absence of a detectable 77R mutation. These are
referred to as ATTRmut (or ATTRm) and ATTRwt, respec-
tively [2]. ATTRwt was traditionally called “senile” amyloid,
but younger ages and its lack of ubiquitous prevalence among
older people make this term inappropriate. Other rare inher-
ited forms of amyloid are shown in Table 10.1. Familial amy-
loidosis was traditionally divided into two separate
categories: familial amyloid polyneuropathy (FAP) and
familial amyloid cardiomyopathy (FAC). However, with
improved understanding that these two conditions are part of

L. S. M. Wong (<)
Amsterdam, The Netherlands
e-mail: L wong@vumc.nl

D. P. Judge
Charleston, SC, USA
e-mail: judged @musc.edu

© Springer Nature Switzerland AG 2020

the same spectrum, many now consider them to be one single
disease [3].

Nomenclature for specific mutations throughout the 77R
gene, transthyretin, traditionally refers to amino acid posi-
tions that were determined from early protein studies per-
formed on the mature form, without including the first 20
residues that are cleaved as a signal peptide [2]. Accordingly,
a common mutation that causes familial amyloid polyneu-
ropathy is usually called V30M or Val30Met; when referring
to the same mutation with HUGO nomenclature, it is called
p-Val50Met.

Etiology/Pathophysiology

All forms of amyloidosis have a common mechanistic etiol-
ogy, which is related to misfolded protein in a form that is
generally insoluble. Dense insoluble proteins clump together
as fibrils, which accumulate in tissues throughout the body.
Conditions that favor misfolding of the protein, such as pro-
duction of a monoclonal immunoglobulin free light chain at
high levels, oxidative stress, or destabilizing mutations, can
facilitate the initiation and propagation of amyloidosis.
These proteins typically exist in a steady state favoring the
most stable form, but once an unstable subset develops, its
deposition in tissue is usually irreversible.

Transthyretin is synthesized in the liver, choroid plexus,
and retina [4]. This protein is also known as “prealbumin,”
because it is smaller than albumin and its position on gel
electrophoresis of serum proteins is prior to albumin, the
most common serum protein. Its role in serum is to serve as
a carrier protein, transporting complexes with retinol (vita-
min A) and thyroid hormone.

Some mutations cause amyloid to deposit predominantly in
the heart, while others affect peripheral and autonomic nerves
at earlier ages [3]. Many questions persist about the mecha-
nisms for tissue tropism. To date, some of the processes con-
tributing to initial denaturation of the proteins involved in
amyloidosis are known, but the mechanism whereby the heart
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Table 10.1 Genes in which pathogenic variants predispose to
amyloidosis

AA Serum amyloid protein A

AANP Atrial natriuretic peptide; also called Isolated Atrial
Amyloid

AApoA-I  Apolipoprotein Al

AApoA-1IV Apolipoprotein AIV

AGel Gelsolin

AL Monoclonal immunoglobulin light chains

ALECT2  Leukocyte chemotactic factor 2

ALys Lysozyme

ATTR Transthyretin (mutant or wild type, depending on the

presence/absence of a TTR mutation)

either actively or passively accumulates amyloid is not known.
Once a nidus of amyloid exists, additional progression seems
to occur even if the underlying problem is removed. For
instance, for people with ATTRmut, a liver transplant removes
the source of mutant protein, yet disease will often progress
with deposition of wild-type TTR protein [5].

Missense substitutions of nearly every amino acid in the
small TTR protein are associated with ATTR, with the excep-
tion of an apparently benign polymorphism occurring at the
sixth codon after cleavage of 20 amino acids from the
N-terminal of the pro-protein [6]. Certain mutations in 77TR
are more common among different ethnicities. The most fre-
quently diagnosed mutation worldwide is Val30Met, affecting
many people in both Portugal and Brazil, with probably a
separate founder mutation at the same site arising in Japan.
For unknown genetic or environmental reasons, people with
this same mutation in Sweden tend to have later onset with
milder disease [7]. A founder mutation arising early in Donegal
Ireland (Thr60Ala) is also seen in North America among some
individuals with Donegal Irish ancestry. The mutation that is
probably the most prevalent worldwide is Val122Ile. The aver-
age age of onset is approximately 70 years. Its later onset and
reduced penetrance contrast with earlier onset Val30Met in the
Portuguese-type Val30Met, leading to fewer people recog-
nized to have amyloid with the Vall22Ile mutation. The
Val122Ile mutation has been traced to a founder population in
West Africa [8]. The prevalence of the Val122Ile mutation in
North America is 3.4%, and homozygosity for this mutation
also occurs. Somewhat surprisingly, the age of onset or sever-
ity of disease in the homozygotes is not much different,
according to an analysis of one small cohort and literature
review [9]. Among 13 new homozygotes and 11 whose infor-
mation was determined from prior reports, the age at first
symptoms was approximately 10 years earlier.

Pathophysiology of Heart Failure in Cardiac
Amyloidosis

With progressively worsening left ventricular hypertrophy
(LVH), the LV cavity typically gets smaller. Despite pre-

Table 10.2 Clinical hallmarks of amyloidosis

Cardiac manifestations
e Atrial fibrillation
» Concentric biventricular hypertrophy
* Conduction delay on ECG
* Coronary arterial obstruction
* Disproportionately low voltage on ECG
* Heart failure, diastolic or combined with systolic
¢ Increased echodensity and thickness of the atria
¢ Increased echodensity and thickness of the cardiac valves
e Pericardial effusion
Extra-cardiac manifestations
 Ascites
¢ Autonomic neuropathy
¢ Carpal tunnel syndrome
» Constipation, diarrhea, malabsorption
* Enlargement of the tongue with dental indentations
¢ Hematuria from amyloid infiltration in the bladder
Periorbital purpura
Peripheral neuropathy
Peripheral edema
Pleural effusion
Ruptured biceps tendon

served ejection fraction (EF), the stroke volume declines and
the cardiac output becomes directly proportional to heart rate
within the physiologic spectrum. Fast heart rates are usually
poorly tolerated due to LV stiffness, but slow heart rates usu-
ally cause worsening heart failure. The earliest signs on
echocardiography include diffuse LVH with thickening of
the heart valves and the atrial septum. With time and progres-
sive accumulation of amyloid in the heart, the LVEF declines,
though the apex is spared. In contrast with dilated cardiomy-
opathy (DCM), neurohormonal antagonism with ACE-
inhibitors, angiotensin receptor blockers, and beta-blockers
is poorly tolerated.

Clinical Presentation

Cardiac amyloidosis can present itself with a variety of
symptoms, partly depending on the stage of the disease at
first presentation. Table 10.2 includes many of the pheno-
typic hallmarks. In general, the accumulation of amyloid
proteins in the extracellular matrix of the myocardium results
in increased ventricular wall thickness, resulting in diastolic
dysfunction and eventually a restrictive cardiomyopathy.
This manifests most commonly as congestive heart failure,
including edema, dyspnea, and ascites. When systolic func-
tion also becomes impaired, low cardiac output may lead to
forward failure. Also, low blood pressure or orthostasis
might be present, not only due to systolic heart failure but
also due to autonomic dysfunction [10].

Angina pectoris in absence of epicardial obstructive coro-
nary artery disease has also been recognized in cardiac amy-
loidosis [11-13]. Aside from potential obstructive coronary
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artery disease in epicardial large vessels, cardiac ischemia in
cardiac amyloidosis potentially originates from microvascular
dysfunction. Autopsy studies have shown amyloid depositions
not only in the interstitium between cardiomyocytes but also
in the perivascular regions and in the intima media of coronary
vessels [14, 15]. In a prospective study, 21 cardiac amyloidosis
patients without epicardial obstructive coronary artery disease
underwent a vasodilator stress positron emission tomography
test and were compared to 10 patients with left ventricular
hypertrophy due to hypertensive cardiomyopathy [12]. In the
cardiac amyloidosis patients, various degrees of regional car-
diac ischemia were seen, whereas the group with hypertensive
cardiomyopathy did not show regional perfusion defects.
Furthermore, mean rest myocardial blood flow, stress myocar-
dial blood flow, and coronary flow reserve—all indicators of
coronary microvascular function—were significantly lower in
the cardiac amyloidosis group, even after correction for wall
thickness differences. These results indicate that the microvas-
cular dysfunction in cardiac amyloidosis is not solely due to
increased wall thickness and indicators of coronary microvas-
cular function were inversely related to myocardial mass in the
amyloidosis patients [12].

Conduction disorders are a common feature of cardiac
amyloidosis. Early pathology studies reported direct infiltra-
tion of amyloid in the conduction system as well as its dif-
fuse fibrosis [16, 17]. Sinoatrial node dysfunction,
chronotropic incompetence, bundle branch blocks, and vari-
ous degrees of atrioventricular blocks can be present in car-
diac amyloidosis [18, 19]. In addition to bradyarrhythmias,
patients with cardiac amyloidosis often have frequent ven-
tricular ectopy, although this rarely proceeds to ventricular
tachycardia. The most common tachyarrhythmia in people
with cardiac amyloidosis is atrial fibrillation. Its manage-
ment is challenged by poor tolerance of medications that
slow AV conduction, although amyloid deposits will slow
AV conduction in later phases of the disease.

Cardiac thromboembolism has been reported in patients
with cardiac amyloidosis. One cause is the frequent preva-
lence of atrial fibrillation. However, cardiac thromboembo-
lism in the absence of documented atrial fibrillation has also
been described. In an autopsy study of hearts with amyloido-
sis, intracardiac thrombus was found in as many as 33% of
the examined hearts, with the majority of the thrombi located
in the atria and only sporadically in the ventricles. The preva-
lence of intracardiac thrombi was not different between
patients with and without documented atrial fibrillation. The
precise mechanism for intracardiac thrombi in the absence of
atrial fibrillation is unknown. Some have suggested that
endothelial dysfunction or hypercoagulability is the contrib-
uting factors [20, 21], however, decreased mechanical atrial
activity despite normal sinus rhythm may also be a factor
[22, 23]. Currently in daily practice, no routine diagnostic
evaluations are made in cardiac amyloidosis patients for the

detection of intracardiac thrombi. The potential risks and
benefits of prophylactic oral anticoagulants in sinus rhythm
are unknown and further research may contribute to better
insights on this topic.

Diagnostic Tests

Several testing modalities can be useful for confirming a
diagnosis of cardiac amyloidosis, when it is suspected.
Figure 10.1 shows an algorithm for diagnostic testing, and
additional information about commonly used tests is included
below.

Electrocardiography

The most common abnormal finding in cardiac amyloidosis
is low ECG voltage in the limb leads. This phenomenon
occurs in approximately 50-60% in AL amyloidosis patients,
but this is less common in the other forms of amyloidosis,
being present in approximately 30% of the familial amyloi-
dosis patients and 40% of the patients with senile amyloido-
sis [24]. Although an ECG may not achieve diagnostic
criteria for low QRS voltage, there is usually discordance
between the presence of LVH on imaging and the absence of
LVH on ECGs. Other abnormal ECG findings include vari-
ous degrees of atrioventricular block, atrial fibrillation,
pseudo-infarction, nonspecific intraventricular delay, and
ventricular tachycardia, but naturally none of these findings
is specific for amyloidosis [25].

Echocardiography

One of the most characteristic signs of cardiac amyloidosis
with echocardiography is diffuse increase in wall thickness.
The increased wall thickness is not due to myocyte hypertro-
phy, but due to accumulation of amyloid proteins in the
extracellular matrix. However, the term left ventricular
hypertrophy has widely been adopted. Mostly, it is symmet-
rical and involves the left ventricle; however, the right ven-
tricle, atrial walls, and valves can also be thickened [26]. The
“sparkling aspect” of the myocardium due to accumulation
of amyloid proteins is frequently described as a typical sign
of amyloidosis [27, 28]. However, the diagnostic value of
this sign has been challenged, as other causes of hypertrophy
can also cause this phenomenon and the sensitivity and spec-
ificity have been shown to be low in a few studies [29, 30]. It
can however be the trigger to consider the diagnosis of car-
diac amyloidosis in a patient.

Diastolic function is often impaired. In early stages of
cardiac amyloidosis, it might be the first and only sign. In
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Diagnostic Algorithm
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Fig. 10.1 Diagnostic algorithm for cardiac amyloid: This proposed
approach for making the diagnosis of cardiac amyloid begins with test-
ing for monoclonal gammopathy. If present with suspicion for cardiac

later stages, diastolic function can become more severe, in
the worst case resulting in a restrictive cardiomyopathy.
Biatrial dilatation is often visible in this stage.

Ventricular dysfunction spans the spectrum from diastolic
dysfunction in the earliest stages to impaired systolic function
affecting both the left and right ventricles in later stages.
Pericardial effusion can be present; however, it is likely to be
mild and only rarely causes tamponade [31-34]. Due to
decreased contractility and factors noted above, intracardiac
thrombi may also occur. The majority are located in the atria,
however, in cases of severely impaired systolic ventricular
function, ventricular thrombi may also be present.

More recently, tissue Doppler imaging and tissue speckle
tracking have been of interest in relation to cardiac amyloi-
dosis. Tissue Doppler imaging and tissue speckle tracking
are techniques in which segmental myocardial deformation
is assessed. Investigations have shown that longitudinal
deformation is impaired in an early stage of cardiac amyloi-
dosis [35]. In particular, longitudinal impairment in the basal
and mid-ventricular segments is more pronounced than in
the apical parts and this specific pattern is associated with a
high sensitivity and specificity for cardiac amyloidosis [36,
37]. Similar results were obtained using tissue speckle track-
ing [38, 39]. In conclusion, echocardiography is a useful tool
to assess the presence of cardiac amyloidosis in an easily
accessible and noninvasive manner.

amyloid, a biopsy must be obtained, either of noncardiac tissue (such as
an abdominal fat pad), or of the right ventricle of the heart. Dotted lines
indicate optional pathways

Cardiac Magnetic Resonance Imaging

Cardiac MRI (CMR) is an excellent method to evaluate car-
diac amyloidosis. Its higher spatial resolution compared to
echocardiography allows for detailed review of the morphol-
ogy as well as the function of the heart. Also, the assessment
of late gadolinium enhancement (LGE) is of high added
value. Gadolinium accumulates in the areas of fibrotic tissue
and enters damaged cardiomyocytes. In cardiac amyloidosis,
where the extracellular matrix has expanded due to accumu-
lation of the amyloid proteins, diffuse LGE can be seen. Also,
the so-called nulling of the myocardium in the LGE sequences
can be difficult [40, 41]. Nulling is the determination of the
optimal settings (specifically: the inversion time) of the LGE
sequence, which renders the myocardium dark (Fig. 10.2).
Another CMR parameter that contributes greatly to the
distinction between left ventricular hypertrophy due to car-
diac amyloidosis or other causes is the T1 relaxation time.
CMR signals are determined by differences in magnetic
properties of different tissues, reflected by T1 and T2 relax-
ation times. T1 relaxation time of the myocardium in cardiac
amyloidosis is greatly increased due to its altered composi-
tion. Instead of consisting mainly of myocytes, and to much
lesser extent vessels and extracellular matrix, the extracellu-
lar matrix in the myocardium increases greatly from amyloid
infiltration, leading to an increased T1 relaxation time.
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Fig. 10.2 Image of amyloid: (a) A four-chamber image of the heart of
a patient with cardiac amyloidosis, obtained by cardiac MRI, showing
left ventricular hypertrophy. (b) The same four-chamber image show-

A specific application of assessing the T1 relaxation time
before and after gadolinium contrast injection is the estima-
tion of the extracellular matrix by applying the T1 relaxation
times of blood and myocardium before and after gadolinium
injection in a mathematical model [42]. It has been shown
that an estimated ECV of >40% is highly predictive of car-
diac amyloidosis [43, 44].

Nuclear Imaging Techniques

While all of the other imaging techniques can contribute to
diagnosing cardiac amyloidosis, they cannot differentiate
between the different types of amyloidosis. In recent years,
nuclear imaging has been recognized to have both high sen-
sitivity and specificity for ATTR cardiac amyloid in the
absence of a monoclonal gammopathy or skewed ratio of
kappa/lambda free immunoglobulin light chains. It should
be considered diagnostic for ATTR in the absence of either
a monoclonal gammopathy or abnormal kappa/lambda free
light chain ratio [45]. Nuclear imaging using tracers *™Tc-
DPD (technetium-3,3-diphophono-1,2-propranodicarbox-
ylic acid) and *"Tc-PYP (technetium pyrophosphate) in
single-photon emission computed tomography (SPECT)
have been evaluated in their properties to identify ATTR
amyloidosis. " Tc-DPD has been proven to be highly sensi-
tive in identifying ATTR amyloidosis; however, it has also
been described to have lower specificity since uptake has
also been reported in AL amyloidosis, although much lower

ing diffuse late gadolinium enhancement, indicating increased extracel-
lular tissue, due to accumulation of amyloid proteins

than in ATTR amyloidosis [45, 46]. Interestingly, using
PmTc-DPD in nuclear imaging seems to identify cardiac
ATTR amyloidosis before any echocardiographic evidence
was detectable [47]. Other studies using *™Tc-PYP as a
tracer have shown a high sensitivity and specificity to distin-
guish amyloidosis from other causes of heart failure [48]
and moreover, using not only the dichotomous outcome
presence or absence of uptake but the extent of uptake
(expressed as the ratio of uptake in the myocardium vs. the
whole ventricular cavity), it was able to distinguish ATTR
from AL amyloidosis [48]. The use of positron emission
tomography (PET) imaging has also been investigated,
however, data are scarce and the definitely added value
needs to be further explored.

One should consider amyloidosis on the basis of clinical
symptoms, LVH by echo or CMR, and particularly when
there is discordant lack of LVH on ECG. AL amyloid should
next be considered on the basis of a monoclonal gammopa-
thy by immunofixation electrophoresis of serum and urine,
as well as testing for immunoglobulin kappa and lambda free
light chains. If a monoclonal gammopathy or skewed free
light chain ratio is present, then a biopsy of affected tissue is
necessary to establish the diagnosis. Without a monoclonal
gammopathy, nuclear cardiac imaging (Tc-DPD, —PYP, or
—HMDP) imaging should be used to test for ATTR. An
uptake ratio for the nuclear tracer in the heart vs. contralat-
eral ribs of >2.0 is considered diagnostic for ATTR cardiac
amyloid. If ATTR is diagnosed, then TTR genetic testing
should be performed to discern ATTRmut from ATTRwt.
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Histological Diagnosis

With the development of imaging techniques in order to
establish cardiac amyloidosis in combination with investi-
gations aimed at detecting extracardiac amyloidosis (e.g.,
bone marrow biopsy, fat biopsy), the role of endomyocar-
dial biopsy has declined. However, in case of suspicion of
cardiac amyloidosis but failure to establish extracardiac
amyloidosis, endomyocardial biopsy is still very valuable.
Most commonly, Congo red staining is used for visualizing
amyloid deposition. Amyloid deposits may be found any-
where in the heart. Most typically they are found in the
myocardial interstitium of the ventricles, but also in the
atria. However, because amyloid due to atrial natriuretic
peptide (AANP) frequently occurs in the atrium, conclusive
evidence for ventricular amyloid (either by imaging or ven-
tricular biopsy) is necessary before making this diagnosis.
Vascular involvement is not uncommon, especially in AL
amyloidosis. While involvement of the epicardial coronary
arteries is not usually associated with significant stenosis,
obstructive microvascular amyloidosis has been associated
with angina pectoris. Accumulation of amyloid proteins on
the surface of the valves is also a well-known feature of car-
diac amyloidosis [26].

When an endomyocardial biopsy shows amyloid, immu-
nostaining for immunoglobulin light chains and transthyretin
may both be positive, and assigning a definitive diagnosis of
AL or ATTR on this basis may be limited. Fortunately, liquid
chromatography and mass spectrometry can more defini-
tively determine the subtype. Use of mass spectrometry is
now considered routine in making the diagnosis, and it
sometimes will identify mutant peptides of transthyretin, if
present. However, if ATTR is determined by mass spectrom-
etry, TTR genetic testing should be used to clarify the etiol-
ogy (ATTRmut or ATTRwt) [49].

Therapy for Cardiac Amyloidosis

The therapy for cardiac amyloidosis comprises a dual
approach: treating cardiac symptoms and treating the under-
lying disease.

Heart Failure Therapy

The medical therapy of heart failure secondary to cardiac
amyloidosis differs from the conventional therapy for other
forms of heart failure. There is little evidence for the safety
and efficacy of conventional heart failure drugs in patients
with cardiac amyloidosis. Loop diuretics are the most promi-
nent therapy for treating heart failure due to cardiac amyloi-

dosis. Due to elevated intracardiac pressures and diastolic
dysfunction, volume overload occurs and causes symptoms
of heart failure. Loop diuretics are often needed to maintain
a euvolemic state. Other common drug strategies used in
other forms of systolic chronic heart failure, like ACE inhibi-
tors/ARBs and beta-blockers, have never been proven effec-
tive for cardiac amyloidosis. Moreover, ACE inhibitors and/
or ARBs can potentially be harmful for patients with cardiac
amyloidosis, because they can worsen (orthostatic) hypoten-
sion, because hearts with cardiac amyloid typically cannot
augment stroke volume in response to vasodilation. Although
they are beneficial in other forms of heart failure, beta-
blockers might be harmful in cardiac amyloidosis since
stroke volume is somewhat fixed in restrictive heart failure,
and the cardiac output is highly dependent on the heart rate
in severe cardiac amyloidosis. Digoxin and calcium channel
blockers may bind to cardiac amyloid and cause toxicity
despite normal circulating levels in blood. However, a recent
report suggests that some patients may tolerate digoxin if
their renal function and serum drug levels are closely moni-
tored [50].

In summary, treatment of heart failure in cardiac amyloi-
dosis is aimed at maintaining euvolemic state, and loop
diuretics with restriction of sodium and fluid intake are para-
mount. Other conventional heart failure drugs have not been
proven safe or effective and might even be harmful.

Cardiac Transplantation

From epidemiological studies, it has become clear that
prognosis in amyloidosis patients is severely impaired if
there is cardiac involvement, compared to patients without
cardiac involvement [51]. This applies to AL amyloidosis,
as well as ATTR amyloidosis. For patients with cardiac AL
amyloidosis, the median overall survival has been reported
to be as short as 7 months, whereas, for patients with amy-
loidosis without cardiac involvement, it was 40-94 months
[51]. It is not surprising, therefore, that heart transplanta-
tion has come to mind as a potential effective treatment for
cardiac amyloidosis patients. However, there are many pit-
falls, which will be discussed here. Because the etiology
and subsequently the treatment for AL and ATTR amyloi-
dosis are very different, both types of amyloidosis will be
discussed separately.

AL Amyloidosis and Heart Transplantation
In AL amyloidosis, the abnormal amyloid protein that accu-

mulates in the heart and other organs originates from mono-
clonal plasma cells. The primary treatment goal is therefore
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reduction of the monoclonal plasma cell population, which is
most often accomplished by systemic chemotherapy. If a
heart transplantation is intended, there is a need for robust
collaboration between hematologists and cardiologists. The
appropriate sequence would be chemotherapy, followed by
heart transplantation, if possible. Subsequently, the last step
is conditioning chemotherapy and autologous bone marrow
transplantation. With this strategy, the recurrence of amyloid
in the transplanted heart is diminished.

One of the first studies to report short- and long-term
outcomes after heart transplantation in AL amyloidosis
patients (with cardiac involvement) showed a 1-year sur-
vival of only 59% among 17 transplanted patients.
However, there was a pronounced difference in survival of
AL amyloidosis patients who did and did not receive post-
transplant chemotherapy. Patients who received posttrans-
plant chemotherapy showed a 1- and 5-year survival of 71
and 36%, respectively. Comparably, patients who did not
receive posttransplant chemotherapy showed a 1- and
S-year survival of 50 and 20%. Recurrence of amyloid
deposits in the transplanted heart was also seemingly
higher and occurred at much earlier time point in patients
who did not receive posttransplant chemotherapy com-
pared to those who did receive posttransplant chemother-
apy [52]. However, it should be noted that chemotherapeutic
agents directed against plasma cells have improved over
the years. More recent studies of long-term outcomes after
heart transplantation for cardiac amyloidosis are more
optimistic, given that patients underwent the full cycle of
induction chemotherapy, heart transplantation, and subse-
quently posttransplant chemotherapy and autologous stem
cell transplantation. One- and 5-year survival have been
reported at 82 and 65% respectively in a study conducted
between 2008 and 2013 [53]. Another study reported a 1-
and 7-year survival at 100 and 60%, respectively [54], and
other studies reported comparable results [55-57].

These results deem more hopeful perspectives for AL
amyloidosis patients with cardiac involvement. However, it
must be noted that in the light of donor shortage, the selec-
tion of patients eligible for cardiac transplant is very strict,
and cardiac transplantation is only feasible for a very limited
group of patients. Evaluation of eligibility for heart trans-
plantation involves an intensive cooperation among several
specialists to assess the extracardiac organ involvement.
Multiple myeloma and involvement of other organ systems
(gastrointestinal, liver, kidney involvement) may be a contra-
indication for heart transplantation. Other predisposing fac-
tors causing an impairment in posttransplant mobility and
rehabilitation, for example, severe neuropathy due to amy-
loidosis, will limit feasibility for transplantation [58]. Even
so, the lucky few that are deemed eligible for heart transplan-
tation face long waiting lists and will likely deteriorate to a

state beyond being able to undergo the transplantation or die
before receiving a cardiac transplant.

ATTR Amyloidosis and Heart/Liver
Transplantation

In ATTR amyloidosis, the liver produces abnormal amyloid
proteins either due to an inherited genetic mutation
(ATTRmut) or, as previously noted, without a mutation
(ATTRwt). In general, patients with ATTRwt amyloidosis are
often older than patients with AL type or ATTRmut. Since the
liver is the source of the abnormal protein, orthotopic liver
transplantations were the first type of transplantation consid-
ered as a therapy for ATTRmut amyloidosis. Later, combined
heart and liver transplantation has been explored. Although
ATTRwt itself is not a contraindication for transplantation,
the average age of onset of disease tends to be higher than for
the other forms of amyloidosis, and old age can be a contrain-
dication for heart transplantation [59]. Because the liver in
patients with ATTRwt produces normal TTR, orthotopic liver
transplant would not be effective therapy.

People with certain TTR mutations fare better with liver
transplant than with other mutations [5]. The Val30Met
mutation, for instance, typically responds well to liver trans-
plant when performed prior to diffuse systemic involvement
or severe autonomic dysfunction. Later conduction block
and LVH can occur, and patients with liver transplant for
ATTR should continue with posttransplant cardiac surveil-
lance for amyloid. In contrast, the Thr60Ala mutation usu-
ally has severe multiorgan involvement, and most transplant
programs decline these patients for isolated liver transplant.
The use of novel disease-modifying therapies posttransplant
is currently under investigation, as noted below.

The long-term outcomes of liver or liver/heart transplan-
tations vary greatly depending on the clinical status of the
patient pretransplantation and the type of mutation. The
5-year survival for various mutation types in larger studies
has been reported between 62 and 82% [60, 61]. In general,
it is safe to say that patients with ATTR amyloidosis with
cardiac involvement have better prognosis when not only a
liver transplantation, but a combined liver/heart transplanta-
tion was performed.

In conclusion, organ transplantation has been accepted as
an established therapy for amyloidosis patients that yields
reasonable long-term results. Careful selection of eligible
patients must be performed and requires an intensive multi-
disciplinary approach. Considering the scarceness of organs,
however, it must certainly not be regarded as a “routine
therapy”” and it must be borne in mind that even if a patient is
placed on the waiting list for transplantation, the chances of
receiving a heart transplant are limited.
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Novel Treatment Strategies for ATTR

Emerging therapies directed at the underlying cause of ATTR
can be divided into three categories: stabilizing the TTR tet-
ramer, silencing the TTR gene, and removing ATTR from
diseased tissues with antibodies. The idea of stabilizing the
tetramer to halt progression of this disease originated with an
insightful observation regarding a stabilizing gain-of-
function mutation (Thr119Met), which very rarely occurs in
one of two copies of this gene, while the other TTR gene
copy contains a destabilizing mutation (Val30Met) [62].
Individuals with both mutations have marked delay in onset
and decline in severity, in comparison with people who have
the destabilizing mutation alone. In vitro studies showed that
increasing the concentration of the stabilizing monomer
coordinately improves the stability of the tetramer [62].

There is good evidence that at least four drugs stabilize
the TTR tetramer: diflunisal, tafamidis, tolcapone, and
AG10. Diflunisal was developed as a nonsteroidal anti-
inflammatory drug (NSAID), and its ability to stabilize TTR
was recognized much later. Although not approved by any
regulatory agencies for the treatment of amyloidosis, a mul-
ticenter double-blinded, placebo-controlled trial showed that
it reduced progression of familial amyloid polyneuropathy
(FAP) due to TTR mutations [63]. Its use in patients with
heart failure is challenging, since its properties as an NSAID
may cause fluid retention and renal dysfunction. Tafamidis
was developed to have the same stabilizing effect without the
properties of an NSAID [64]. Early studies showed its ability
to slow the progression of FAP [65, 66]. More recently, a
large multicenter double-blinded, placebo-controlled trial
compared tafamidis 80 mg daily, 20 mg daily, and placebo
(2:1:2) in patients with ATTR cardiac amyloid, including
ATTRmut and ATTRwt [67]. Over 30 months, treatment
with tafamidis in either dose led to decrease in all-cause
mortality, lower rate of cardiovascular-related hospitaliza-
tions, lower rate of decline in distance on 6-min walk test,
and lower rate of decline in quality-of-life scores, as com-
pared to treatment with placebo. Furthermore, tafamidis was
tolerated well, with similar incidence of adverse events as
placebo [67].

Tolcapone is a catechol-O-methyltransferase (COMT)
inhibitor, which was developed as a medication to treat
Parkinson’s Disease [68]. After a few treated patients devel-
oped severe liver toxicity (with three fatalities), this drug was
removed from the market in many countries, but it was
returned with dire warnings regarding the need for close liver
monitoring. A chemical screen identified tolcapone for its
ability to bind to the TTR tetramer in human plasma and to
stabilize it [69]. A clinical trial will investigate its safety and
efficacy in patients with ATTR.

The fourth pharmacologic stabilizer is currently called
AG10, identified from a chemical screen for its ability to sta-
bilize the TTR tetramer [70]. Phase 1 studies showed good

human tolerability, and a phase 2 trial in people with
ATTRmut and ATTRwt also showed good safety and tolera-
bility, along with elevation of serum TTR levels as a marker
of biological effect. A large multicenter double-blinded,
placebo-controlled trial is planned for the near future.

TTR silencers work to interfere with hepatic synthesis of
transthyretin. Two medications in this category have recently
been tested in multicenter randomized, double-blinded,
placebo-controlled clinical trials: patisiran and inotersen [71,
72]. Patisiran is considered an RNA-interfering drug, and
inotersen is considered an antisense oligonucleotide. Both of
these trials exclusively enrolled patients with ATTRmut (not
ATTRwt). Each trial demonstrated efficacy in dramatically
reducing the serum level of TTR, with median reductions in
serum levels by approximately 80%. Both trials were suc-
cessful by achieving their primary end points, which included
stabilization of neuropathy without appreciable progression
of neuropathic limitations. Although both trials focused on
familial amyloid polyneuropathy, some participants in each
study had cardiomyopathy or mild heart failure due to car-
diac amyloidosis. Since both trials focused their primary
endpoint on measures of neuropathic impairment, it is diffi-
cult to draw conclusions about their ability to treat ATTR
cardiomyopathy. In theory, reduced production of hepatic
TTR should help any affected organ system, except the brain
and retinas. Future clinical trials investigating TTR silencers
should focus on ATTR cardiomyopathy, ideally with both
ATTRmut and ATTRwt.

Therapies designed to stabilize the TTR tetramer or
reduce production of this protein will ideally halt worsening,
but are not likely to remove amyloid directly from the heart.
In contrast, another therapeutic strategy seeks to do so by
triggering antibody-mediated destruction of the amyloid
plaques without harming the affected organs involved with
amyloid. One approach targets a common component of all
subtypes of amyloid, serum amyloid P-component (SAP).
This protein can first be removed from serum with (R)-1-[6-
[(R)-2-carboxy-pyrrolidin-1-yl]-6-oxo-hexanoyl]
pyrrolidine-2-carboxylic acid (CPHPC), then a humanized
monoclonal IgG1 anti-SAP antibody is used to activate mac-
rophage destruction of the SAP-containing amyloid deposits
in tissues [73]. Another such treatment is called PRX004, a
monoclonal antibody designed to target and clear misfolded
TTR protein that is present in tissues affected by ATTR amy-
loidosis. Neither of these treatments is approved for use in
humans, and both are in clinical trials.

Cardioverter Defibrillators in Cardiac Amyloid

In its later stages, cardiac amyloid typically manifests with
refractory heart failure. Although ventricular ectopy is com-
monly seen, sudden cardiac death due to tachyarrhythmia is
unusual. This may be due to diffuse slowing of conduction
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mediated by deposits of amyloid fibrils throughout the heart.
One retrospective study investigated 45 people with cardiac
amyloid who received an ICD, 38 (84%) of whom had no
prior syncope [74]. This was a mixed cohort with 27% AL
amyloid and the remainder with ATTR (60% ATTRmut and
13% ATTRwt). With average follow-up of 17 months, 27%
had at least one appropriate ICD therapy, although transplant-
free survival remained quite low, with 60% transplant-free
survival over this 17-month interval [74]. With newer thera-
pies on the horizon, use of a primary-prevention cardioverter-
defibrillator is reasonable to consider, but data are lacking to
support this use more broadly.

Pregnancy and Family Screening

The age of onset for AL amyloid and most forms of ATTR
amyloid is usually postmenopausal in women, who tend to
present later with amyloid than men. That aside, there are
genotypes (i.e., Val30Met) with earlier onset that becomes
relevant for women who may carry this mutation and con-
sider pregnancy. Because the earlier onset forms of ATTRmut
typically affect peripheral nerves more prominently than the
heart, pregnancy does not impose increased risk of heart fail-
ure in this rare circumstance. There are no published trials or
case reports of women who have heart failure from cardiac
amyloid during pregnancy.

As with any genetic disease, preimplantation genetic
diagnosis (PGD) is an option to prevent disease transmission
to subsequent generations. For some mutations in TTR, such
as Val30Met or Thr60Ala, the penetrance is relatively high
and the challenges of PGD are more relevant than for other
mutations with later onset and probably low penetrance (i.e.,
Val122Ile). PGD has been reported for ATTR, and its use
should be included in discussions with patients with this con-
dition who are considering pregnancy [75].

Genetic counseling with discussion of risk to family
members is a critical part of caring for individuals and fami-
lies with familial forms of amyloid. The majority of people
with ATTRmut have dominant mutations, though homozy-
gotic mutations also occur, usually without much difference
from those with heterozygotic mutations. Genetic testing for
first-degree relatives of affected patients should be offered at
ages when the familial mutation tends to occur, or earlier if
desired for family planning purposes.

Summary and Take-Home Message

Cardiac amyloidosis is the most common form of infiltrative
cardiomyopathy, with substantial morbidity and mortality.
Some forms are hereditary, whereas other forms are not.
Recognition of cardiac amyloidosis, especially in early
stages, can be challenging and often requires multimodality

imaging techniques. Throughout the years the understanding
of the pathophysiology has deepened and subsequently,
more effective treatment aimed at the underlying cause of
amyloidosis has been developed, leading to improved prog-
nosis. Since cardiac amyloidosis is a symptom of an underly-
ing disease causing amyloid overload, a multidisciplinary
approach toward treatment is recommended, and, in the
familial forms of amyloidosis, genetic counseling and
genetic testing should be offered.

References

1. Falk RH. Diagnosis and management of the cardiac amyloidoses.
Circulation. 2005;112(13):2047-60.

2. Sipe JD, Benson MD, Buxbaum JN, Ikeda S-i, Merlini G, MIM
S, et al. Amyloid fibril proteins and amyloidosis: chemical
identification and clinical classification International Society
of Amyloidosis 2016 Nomenclature Guidelines. Amyloid.
2016;23(4):209-13.

3. Rapezzi C, Quarta CC, Obici L, Perfetto F, Longhi S, Salvi F,
et al. Disease profile and differential diagnosis of hereditary
transthyretin-related amyloidosis with exclusively cardiac pheno-
type: an Italian perspective. Eur Heart J. 2013;34(7):520-8.

4. Ton V-K, Mukherjee M, Judge DP. Transthyretin cardiac amyloi-
dosis: pathogenesis, treatments, and emerging role in heart fail-
ure with preserved ejection fraction. Clin Med Insights Cardiol.
2014;8(s1). https://doi.org/10.4137/CMC.S15719

5. Benson MD. Liver transplantation and transthyretin amyloidosis.
Muscle Nerve. 2013;47(2):157-62.

6. Jacobson DR, Alves IL, Saraiva MJ, Thibodeau SN, Buxbaum
JN. Transthyretin Ser 6 gene frequency in individuals without amy-
loidosis. Hum Genet. 1995;95(3):308-12.

7. Klaassen SHC, Tromp J, Nienhuis HLA, van der Meer P, van den
Berg MP, Blokzijl H, et al. Frequency of and prognostic significance
of cardiac involvement at presentation in hereditary transthyretin-
derived amyloidosis and the value of N-terminal pro-B-type natri-
uretic peptide. Am J Cardiol. 2018;121(1):107-12.

8. Jacobson DR, Alexander AA, Tagoe C, Garvey WT, Williams
SM, Tishkoff S, et al. The prevalence and distribution of the amy-
loidogenic transthyretin (TTR) V1221 allele in Africa. Mol Genet
Genomic Med. 2016;4(5):548-56.

9. Reddi HV, Jenkins S, Theis J, Thomas BC, Connors LH, Van Rhee
F, et al. Homozygosity for the V1221 mutation in transthyretin is
associated with earlier onset of cardiac amyloidosis in the African
American population in the seventh decade of life. J] Mol Diagn.
2014;16(1):68-74.

10. Algalarrondo V, Eliahou L, Thierry I, Bouzeman A, Dasoveanu
M, Sebag C, et al. Circadian rhythm of blood pressure reflects the
severity of cardiac impairment in familial amyloid polyneuropathy.
Arch Cardiovasc Dis. 2012;105(5):281-90.

11. Al Suwaidi J, Velianou JL, Gertz MA, Cannon RO 3rd, Higano ST,
Holmes DR Jr, et al. Systemic amyloidosis presenting with angina
pectoris. Ann Intern Med. 1999;131(11):838-41.

12. Dorbala S, Vangala D, Bruyere J Jr, Quarta C, Kruger J, Padera R,
et al. Coronary microvascular dysfunction is related to abnormali-
ties in myocardial structure and function in cardiac amyloidosis.
JACC Heart Fail. 2014;2(4):358-67.

13. Mueller PS, Edwards WD, Gertz MA. Symptomatic ischemic heart
disease resulting from obstructive intramural coronary amyloidosis.
Am J Med. 2000;109(3):181-8.

14. Hongo M, Yamamoto H, Kohda T, Takeda M, Kinoshita O,
Uchikawa S, et al. Comparison of electrocardiographic findings
in patients with AL (primary) amyloidosis and in familial amyloid


https://doi.org/10.4137/CMC.S15719

176

L.S.M.Wong and D. P. Judge

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

polyneuropathy and anginal pain and their relation to histopatho-
logic findings. Am J Cardiol. 2000;85(7):849-53.

Modesto KM, Dispenzieri A, Gertz M, Cauduro SA, Khandheria
BK, Seward JB, et al. Vascular abnormalities in primary amyloido-
sis. Eur Heart J. 2007;28(8):1019-24.

James TN, Birk RE. Pathology of the cardiac conduction system in
polyarteritis nodosa. Arch Intern Med. 1966;117(4):561-7.

Ridolfi RL, Bulkley BH, Hutchins GM. The conduction system in
cardiac amyloidosis. Clinical and pathologic features of 23 patients.
Am J Med. 1977;62(5):677-86.

Mathew V, Olson LJ, Gertz MA, Hayes DL. Symptomatic con-
duction system disease in cardiac amyloidosis. Am J Cardiol.
1997;80(11):1491-2.

Reisinger J, Dubrey SW, Lavalley M, Skinner M, Falk
RH. Electrophysiologic abnormalities in AL (primary) amyloidosis
with cardiac involvement. ] Am Coll Cardiol. 1997;30(4):1046-51.
Berghoff M, Kathpal M, Khan F, Skinner M, Falk R, Freeman
R. Endothelial dysfunction precedes C-fiber abnormalities in pri-
mary (AL) amyloidosis. Ann Neurol. 2003;53(6):725-30.

Yood RA, Skinner M, Rubinow A, Talarico L, Cohen AS. Bleeding
manifestations in 100 patients with amyloidosis. JAMA.
1983;249(10):1322-4.

Dubrey S, Pollak A, Skinner M, Falk RH. Atrial thrombi occur-
ring during sinus rhythm in cardiac amyloidosis: evidence for atrial
electromechanical dissociation. Br Heart J. 1995;74(5):541-4.
Plehn JF, Southworth J, Cornwell GG 3rd. Brief report:
atrial systolic failure in primary amyloidosis. N Engl J Med.
1992;327(22):1570-3.

Rapezzi C, Merlini G, Quarta CC, Riva L, Longhi S, Leone O, et al.
Systemic cardiac amyloidoses: disease profiles and clinical courses
of the 3 main types. Circulation. 2009;120(13):1203—12.

Cyrille NB, Goldsmith J, Alvarez J, Maurer MS. Prevalence
and prognostic significance of low QRS voltage among
the three main types of cardiac amyloidosis. Am J Cardiol.
2014;114(7):1089-93.

Maleszewski JJ. Cardiac amyloidosis: pathology, nomenclature,
and typing. Cardiovasc Pathol. 2015;24(6):343-50.

Rahman JE, Helou EF, Gelzer-Bell R, Thompson RE, Kuo C,
Rodriguez ER, et al. Noninvasive diagnosis of biopsy-proven car-
diac amyloidosis. J Am Coll Cardiol. 2004;43(3):410-5.

Bhandari AK, Nanda NC. Myocardial texture characteriza-
tion by two-dimensional echocardiography. Am J Cardiol.
1983;51(5):817-25.

Simons M, Isner JM. Assessment of relative sensitivities of nonin-
vasive tests for cardiac amyloidosis in documented cardiac amyloi-
dosis. Am J Cardiol. 1992;69(4):425-7.

Hongo M, Kono J, Yamada H, Misawa T, Tanaka M, Nakatsuka
T, et al. Doppler echocardiographic assessments of left ventricular
diastolic filling in patients with amyloid heart disease. J Cardiol.
1991;21(2):391-401.

Yuda S, Hayashi T, Yasui K, Muranaka A, Ohnishi H, Hashimoto
A, et al. Pericardial effusion and multiple organ involvement are
independent predictors of mortality in patients with systemic light
chain amyloidosis. Intern Med. 2015;54(15):1833—-40.

Kuprian M, Mount G. Acute cardiac tamponade in light-chain
amyloidosis. BMJ Case Rep. 2014. https://doi.org/10.1136/
ber-2013-200248

Navarro JF, Rivera M, Ortuno J. Cardiac tamponade as presentation
of systemic amyloidosis. Int J Cardiol. 1992;36(1):107-8.
Brodarick S, Paine R, Higa E, Carmichael KA. Pericardial tam-
ponade, a new complication of amyloid heart disease. Am J Med.
1982;73(1):133-5.

Lindqvist P, Olofsson BO, Backman C, Suhr O, Waldenstrom
A. Pulsed tissue Doppler and strain imaging discloses early signs
of infiltrative cardiac disease: a study on patients with familial amy-
loidotic polyneuropathy. Eur J Echocardiogr. 2006;7(1):22-30.

36.

37.

38.

39.

40

41.

42.

43.

44,

45.

46.

47.

48

49.

50.

51.

Koyama J, Ray-Sequin PA, Falk RH. Longitudinal myocardial
function assessed by tissue velocity, strain, and strain rate tissue
Doppler echocardiography in patients with AL (primary) cardiac
amyloidosis. Circulation. 2003;107(19):2446-52.

Bellavia D, Pellikka PA, Dispenzieri A, Scott CG, Al-Zahrani
GB, Grogan M, et al. Comparison of right ventricular longitudi-
nal strain imaging, tricuspid annular plane systolic excursion, and
cardiac biomarkers for early diagnosis of cardiac involvement and
risk stratification in primary systematic (AL) amyloidosis: a 5-year
cohort study. Eur Heart J Cardiovasc Imaging. 2012;13(8):680-9.
Sun JP, Stewart WJ, Yang XS, Donnell RO, Leon AR, Felner JM,
et al. Differentiation of hypertrophic cardiomyopathy and cardiac
amyloidosis from other causes of ventricular wall thickening by
two-dimensional strain imaging echocardiography. Am J Cardiol.
2009;103(3):411-5.

Quarta CC, Solomon SD, Uraizee I, Kruger J, Longhi S, Ferlito
M, et al. Left ventricular structure and function in transthyretin-
related versus light-chain cardiac amyloidosis. Circulation.
2014;129(18):1840-9.

. Pandey T, Jambhekar K, Shaikh R, Lensing S, Viswamitra S. Utility

of the inversion scout sequence (TI scout) in diagnosing myocardial
amyloid infiltration. Int J Cardiovasc Imaging. 2013;29(1):103-12.
Di Bella G, Pizzino F, Minutoli F, Zito C, Donato R, Dattilo G, et al.
The mosaic of the cardiac amyloidosis diagnosis: role of imaging in
subtypes and stages of the disease. Eur Heart J Cardiovasc Imaging.
2014;15(12):1307-15.

Dabir D, Child N, Kalra A, Rogers T, Gebker R, Jabbour A, et al.
Reference values for healthy human myocardium using a T1 map-
ping methodology: results from the International T1 Multicenter
cardiovascular magnetic resonance study. J Cardiovasc Magn
Reson. 2014;16:69.

Banypersad SM, Sado DM, Flett AS, Gibbs SD, Pinney JH,
Maestrini V, et al. Quantification of myocardial extracellular vol-
ume fraction in systemic AL amyloidosis: an equilibrium contrast
cardiovascular magnetic resonance study. Circ Cardiovasc Imaging.
2013:6(1):34-9.

Mongeon FP, Jerosch-Herold M, Coelho-Filho OR, Blankstein
R, Falk RH, Kwong RY. Quantification of extracellular matrix
expansion by CMR in infiltrative heart disease. JACC Cardiovasc
Imaging. 2012;5(9):897-907.

Aljaroudi WA, Desai MY, Tang WH, Phelan D, Cerqueira MD, Jaber
WA. Role of imaging in the diagnosis and management of patients
with cardiac amyloidosis: state of the art review and focus on
emerging nuclear techniques. J Nucl Cardiol. 2014;21(2):271-83.
Rapezzi C, Quarta CC, Guidalotti PL, Longhi S, Pettinato C, Leone
O, et al. Usefulness and limitations of 99mTc-3,3-diphosphono-
1,2-propanodicarboxylic acid scintigraphy in the aetiological
diagnosis of amyloidotic cardiomyopathy. Eur J Nucl Med Mol
Imaging. 2011;38(3):470-8.

Rapezzi C, Quarta CC, Guidalotti PL, Pettinato C, Fanti S, Leone
O, et al. Role of (99m)Tc-DPD scintigraphy in diagnosis and prog-
nosis of hereditary transthyretin-related cardiac amyloidosis. JACC
Cardiovasc Imaging. 2011;4(6):659-70.

. Yamamoto Y, Onoguchi M, Haramoto M, Kodani N, Komatsu A,

Kitagaki H, et al. Novel method for quantitative evaluation of car-
diac amyloidosis using (201)TICI and (99m)Tc-PYP SPECT. Ann
Nucl Med. 2012;26(8):634-43.

Brown EE, Lee YZJ, Halushka MK, Steenbergen C, Johnson NM,
Almansa J, et al. Genetic testing improves identification of trans-
thyretin amyloid (ATTR) subtype in cardiac amyloidosis. Amyloid.
2017;24(2):92-5.

Muchtar E, Gertz MA, Kumar SK, Lin G, Boilson B, Clavell A,
et al. Digoxin use in systemic light-chain (AL) amyloidosis: contra-
indicated or cautious use? Amyloid. 2018;25(2):86-92.
Wechalekar AD, Schonland SO, Kastritis E, Gillmore JD,
Dimopoulos MA, Lane T, et al. A European collaborative study of


https://doi.org/10.1136/bcr-2013-200248
https://doi.org/10.1136/bcr-2013-200248

Cardiac Amyloidosis

177

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

treatment outcomes in 346 patients with cardiac stage III AL amy-
loidosis. Blood. 2013;121(17):3420-7.

Dubrey SW, Burke MM, Hawkins PN, Banner NR. Cardiac trans-
plantation for amyloid heart disease: the United Kingdom experi-
ence. J Heart Lung Transplant. 2004;23(10):1142-53.

Davis MK, Kale P, Liedtke M, Schrier S, Arai S, Wheeler M, et al.
Outcomes after heart transplantation for amyloid cardiomyopathy
in the modern era. Am J Transplant. 2015;15(3):650-8.

Dey BR, Chung SS, Spitzer TR, Zheng H, Macgillivray TE, Seldin
DC, et al. Cardiac transplantation followed by dose-intensive mel-
phalan and autologous stem-cell transplantation for light chain
amyloidosis and heart failure. Transplantation. 2010;90(8):905-11.
Lacy MQ, Dispenzieri A, Hayman SR, Kumar S, Kyle RA,
Rajkumar SV, et al. Autologous stem cell transplant after heart
transplant for light chain (Al) amyloid cardiomyopathy. J Heart
Lung Transplant. 2008;27(8):823-9.

Gillmore JD, Goodman HJ, Lachmann HJ, Offer M, Wechalekar AD,
Joshi J, et al. Sequential heart and autologous stem cell transplanta-
tion for systemic AL amyloidosis. Blood. 2006;107(3):1227-9.
Sattianayagam PT, Gibbs SD, Pinney JH, Wechalekar AD,
Lachmann HJ, Whelan CJ, et al. Solid organ transplantation in AL
amyloidosis. Am J Transplant. 2010;10(9):2124-31.

Sousa M, Monohan G, Rajagopalan N, Grigorian A, Guglin
M. Heart transplantation in cardiac amyloidosis. Heart Fail Rev.
2017;22(3):317-27.

Bradshaw SH, Veinot JP. Cardiac amyloidosis: what are the indica-
tions for transplant? Curr Opin Cardiol. 2012;27(2):143-7.

Suhr OB, Larsson M, Ericzon BG, Wilczek HE, Investigators
FAs. Survival after transplantation in patients with mutations other
than Val30Met: extracts from the FAP World Transplant Registry.
Transplantation. 2016;100(2):373-81.

Careddu L, Zanfi C, Pantaleo A, Loforte A, Ercolani G, Cescon M,
et al. Combined heart-liver transplantation: a single-center experi-
ence. Transpl Int. 2015;28(7):828-34.

Hammarstrom P, Schneider F, Kelly JW. Trans-suppression of mis-
folding in an amyloid disease. Science. 2001;293(5539):2459-62.
Berk JL, Suhr OB, Obici L, et al. Repurposing diflunisal for famil-
ial amyloid polyneuropathy: a randomized clinical trial. JAMA.
2013;310(24):2658-67.

Bulawa CE, Connelly S, DeVit M, Wang L, Weigel C, Fleming
JA, et al. Tafamidis, a potent and selective transthyretin kinetic

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

stabilizer that inhibits the amyloid cascade. Proc Natl Acad Sci.
2012;109(24):9629-34.

Coelho T, Maia LF, Martins da Silva A, Waddington Cruz M,
Planté-Bordeneuve V, Lozeron P, et al. Tafamidis for transthyretin
familial amyloid polyneuropathy. A randomized, controlled trial.
Neurology. 2012;79(8):785-92.

Merlini G, Planté-Bordeneuve V, Judge DP, Schmidt H, Obici L,
Perlini S, et al. Effects of tafamidis on transthyretin stabilization
and clinical outcomes in patients with non-Val30Met transthyretin
amyloidosis. J Cardiovasc Transl Res. 2013;6(6):1011-20.

Maurer MS, Schwartz JH, Gundapaneni B, Elliott PM, Merlini
G, Waddington-Cruz M, et al. Tafamidis treatment for patients
with transthyretin amyloid cardiomyopathy. N Engl J Med.
2018;379(11):1007-16.

Borges N. Tolcapone in Parkinson’s disease: liver toxicity and clini-
cal efficacy. Expert Opin Drug Saf. 2005;4(1):69-73.

Sant’Anna R, Gallego P, Robinson LZ, Pereira-Henriques A,
Ferreira N, Pinheiro F, et al. Repositioning tolcapone as a potent
inhibitor of transthyretin amyloidogenesis and associated cellular
toxicity. Nat Commun. 2016;7:10787.

Alhamadsheh MM, Connelly S, Cho A, Reixach N, Powers ET,
Pan DW, et al. Potent kinetic stabilizers that prevent transthyretin-
mediated cardiomyocyte proteotoxicity. Sci Transl Med.
2011;3(97):97ra81.

Adams D, Gonzalez-Duarte A, O’Riordan WD, Yang C-C, Ueda
M, Kristen AV, et al. Patisiran, an RNAI therapeutic, for hereditary
transthyretin amyloidosis. N Engl J Med. 2018;379(1):11-21.
Benson MD, Waddington-Cruz M, Berk JL, Polydefkis M, Dyck
PJ, Wang AK, et al. Inotersen treatment for patients with heredi-
tary transthyretin amyloidosis. N Engl J Med. 2018;379(1):
22-31.

Richards DB, Cookson LM, Berges AC, Barton SV, Lane T, Ritter
IM, et al. Therapeutic clearance of amyloid by antibodies to serum
amyloid P component. N Engl J Med. 2015;373(12):1106-14.
Hamon D, Algalarrondo V, Gandjbakhch E, Extramiana F, Marijon
E, Elbaz N, et al. Outcome and incidence of appropriate implant-
able cardioverter-defibrillator therapy in patients with cardiac amy-
loidosis. Int J Cardiol. 2016;222:562-8.

Carvalho F, Sousa M, Fernandes S, Silva J, Saraiva MJ, Barros
A. Preimplantation genetic diagnosis for familial amyloidotic poly-
neuropathy (FAP). Prenat Diagn. 2001;21(12):1093-9.



®

Check for
updates

Mitochondrial Cardiomyopathies

11

Andreas C. Blank, Johannes M. P. J. Breur, Sabine A. Fuchs,
Klaas Koop, and Annette F. Baas

Introduction

Mitochondria play a pivotal role in the metabolism of the
human body. Most importantly, in a process called oxidative
phosphorylation (OXPHOS), mitochondria produce most of
the cellular energy to power all forms of biological processes.

Mutations in nuclear and mitochondrial DNA can cause
mitochondrial dysfunction leading to primary mitochondrial
diseases (PMD). This chapter focuses on PMD with cardiac
involvement.

PMD can present with few or many symptoms in almost
every organ system, at any moment from birth into adulthood.

Cardiac abnormalities are present in up to 60% of patients
with PMD [1] and can be fatal if not properly recognized and
managed.

When considering the age at presentation, the following
prevalence (per 100,000 individuals) can be assumed: 5-15
patients with childhood-onset PMD and 10-15 patients with
adult-onset PMD [2].

Recently several excellent reviews have been published
on mitochondrial disease in general [2-5] as well as on car-
diac involvement in mitochondrial disease [6-9].

Etiology

Mitochondria are present in all nucleated cells of the human
body. They fulfill a pivotal role in various metabolic path-
ways, calcium signaling, and apoptosis. However, their main
function is the production of cellular energy, stored in ade-
nosine triphosphate (ATP), in a process called oxidative
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phosphorylation (OXPHOS). OXPHOS encompasses the
transfer of electrons to oxygen by the mitochondrial respira-
tory chain. The respiratory chain consists of a series of pro-
tein complexes (complex I-IV) in the inner mitochondrial
membrane, assisted by two mobile electron carriers, ubiqui-
none (coenzyme Q10) and cytochrome C [2]. Finally, the
respiratory chain generates a proton gradient that drives ATP
production by ATP synthase (complex V). Figure 11.1 pro-
vides a schematic overview of mitochondrial structure and
OXPHOS.

About 1500 proteins are required for normal mitochondrial
function; only around 100 are directly involved in
OXPHOS. Most of these proteins are encoded by nuclear DNA,
but some (approximately 1%) are encoded by mitochondrial
DNA (mtDNA). The mtDNA consists of 16.6 kb circular dou-
ble-stranded DNA, encoding 13 proteins essential for OXPHOS
(complex I, III, IV, and V) and 24 different RNAs [6].

Mutations in nuclear or mitochondrial DNA can cause
mitochondrial dysfunction leading to PMD, either by directly
affecting the proteins involved in OXPHOS, but also through
dysfunction of mtDNA maintenance, fissure and fusion,
defects of mitochondrial DNA translation and protein syn-
thesis, and impaired synthesis of cofactors of vitamins [5].

Because of the two types of genomes, hundreds of pro-
teins and myriad of biochemical processes involved, PMD
represent a group of diseases that are characterized by clini-
cal, biochemical, and genetic heterogeneity. They can affect
any organ system, at any age, with any inheritance pattern.
Typically, PMD is progressive conditions that affect one or
more organs with high energy demand (brain, heart, muscle,
kidney, liver, eyes).

Clinical Presentation

Cardiologists become involved in the clinical care for
patients with PMD either in case of cardiac symptoms as the
presenting feature of PMD or to evaluate cardiac involve-
ment in a patient with a known/suspected PMD.
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Fig. 11.1 Schematic overview of mitochondrial structure and oxidative phosphorylation (OXPHOS). Reproduced with permission from [10]

Although PMD can present at any moment from birth into
late adulthood, there are roughly two age peaks of presenta-
tion. The first peak occurs in the first 3 years of life. The
second peak spans from the last years of adolescence into
early adulthood.

Early childhood-onset PMD is generally severe with
multi-system involvement. Patients typically have hypoto-
nia, feeding problems, failure to thrive, exercise intolerance,
seizures, and encephalopathy [2]. PMD in adolescents and
adults is also characterized by multi-system involvement,
although single-organ infestation might occur, for example,
isolated eye involvement in Leber hereditary optic neuropa-
thy (LHON) [2]. Cardiac involvement is seen in 40% of chil-
dren [11] and 31% of adults [12] at first presentation, with
cardiomyopathy, arrhythmias, and conduction defects being
the three main cardiac disease manifestations.

Patients may be asymptomatic or might present with
symptoms of exercise intolerance, dyspnea, chest pain, pal-
pitations, syncope, and occasionally, sudden death (see case
presentation, Fig. 11.2).

Cardiac symptoms may be the only presenting sign, but
signs of other system involvement should be actively looked
for. Nervous system involvement is common with the fol-
lowing neurological symptoms: developmental delay or
regression, hypotonia, seizures, irritability, microcephaly,
abnormal reflexes, muscle weakness, vision and hearing dis-
turbances, spasticity, dystonia/dyskinesia, and ataxia.

Figure 11.3 provides an overview of all clinical manifesta-
tions of PMD.

In the era before widespread and early use of genetic diag-
nostics, some clinical mitochondrial syndromes could be recog-
nized by the constellation of clinical symptoms. Some of these
syndromes are characterized by prominent cardiac involvement.
Well-known examples are Barth syndrome, Sengers syndrome,
and MELAS. Now that genetic techniques have advanced, new
mutations causing mitochondrial disease are continuously being
discovered. Moreover, it is now clear that the genetic back-
ground of the known “classical” mitochondrial syndromes is
diverse, with multiple genes leading to the same clinical syn-
drome (e.g., Leigh syndrome can be caused by mutations in
more than 70 different genes), and mutations in the same gene
can lead to a spectrum of clinical phenotypes.

Because of this diversity, it is not possible to describe the
“typical” clinical presentation of PMDs. Instead, we will
illustrate some of the hallmarks of mitochondrial disease
using one of the classical mitochondrial syndromes,
MELAS. A list of classical syndromes with cardiac involve-
ment is shown in Table 11.1.

MELAS

Mitochondrial encephalopathy, lactic acidosis, and stroke-
like episodes (MELAS) are caused by an mtDNA mutation
affecting—in most cases—the gene that encodes the mito-
chondrial leucine transfer RNA.
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Fig. 11.2 Case presentation. (a) Postmortem CT thorax, (b) Short axis

A 15-month-old girl presented in shock at the emer-
gency department of a local hospital. Resuscitation
was not successful, and the girl died. Autopsy showed
mild facial dysmorphia (broad nasal bridge, upturned
nasal tip), mild liver enlargement due to steatosis, and
an extreme enlarged heart with severe left ventricular
hypertrophy and mild right ventricular hypertrophy
(Fig. 11.2a, b). Electron microscopy of heart muscle
revealed swollen mitochondria (Fig. 11.2c). In the
week before presentation the girl was not “feeling

well” and cried easily. One day before presentation the
girl drank less well and had fewer wet diapers. The
parents were healthy, family history was unremarkable
(paternal grandfather had hypercholesterolemia), preg-
nancy and birth were normal. The girl had a history of
mild feeding problems (could not drink large volumes,
could not tolerate solid food, even when mashed), and
normal motor development. Her speech development
was mildly delayed since she babbled but did not use
words.

slice autopsy heart, (¢) Postmortem electron microscopy of heart muscle
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Trio-WES identified a homozygous missense mutation
c.467T-G in the MRPL44 gene, resulting in p.
Leul56Arg substitution. ClinVar search revealed that
the mutation was described earlier in two patients,
daughters of non-consanguineous Finnish parents,
with HCM and liver steatosis [33]. Patient 1 died of

of 6 months, whereas patient 2 was an asymptomatic
adolescent. The MRPL44 gene was shown to encode a
protein in the large subunit of the mitochondrial ribo-
some. In patient fibroblasts, decreased MRLP44
affected assembly of the large ribosomal subunit lead-
ing to OXPHOS/RC complex IV deficiency [33].

cardiac failure upon a respiratory infection at the age

Fig. 11.3 Clinical
presentations of primary
mitochondrial diseases. (
Reproduced with permission
from [2]
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Patients often have normal development initially, but typi-
cally present with symptoms including headache, vomiting,
and seizures between 2 and 10 years of age. Seizures may be
accompanied or followed by stroke-like episodes resulting in
hemiparesis or cortical blindness. These transient, but recur-

Table 11.1 Clinical syndromes of primary mitochondrial disease with cardiac involvement

Clinical syndrome Age of onset

Barth syndrome Infancy
Leigh syndrome (subacute Infancy
necrotizing encephalopathy)

Sengers syndrome Infancy
Mitochondrial Childhood to
encephalomyopathy, lactic adulthood
acidosis and stroke-like

episodes (MELAS)

Myoclonus, epilepsy and Childhood to
ragged red fibers (MERRF) adolescence

Neuropathy, ataxia and retinitis Childhood to
pigmentosa (NARP) adulthood

Extra-cardiac
clinical features
Myopathy
Neutropenia
Short stature

Ataxia
Encephalopathy
Seizures
Failure to thrive
Intention tremor
Hypotonia
Lactic acidosis
Myopathy
Optic atrophy
Nystagmus
Psychomotor
delay
Congenital
cataract
Myopathy
Lactic acidosis
Almost always
fatal!

Diabetes mellitus
Seizures
Exercise
intolerance
Lactic acidosis
Hearing loss
Myopathy
Short stature
Stroke-like
episodes
Sudden death
Ataxia
Seizures
Hearing loss
Myopathy
Myoclonus
Spasticity
Ataxia
Dementia
Seizures
Hearing loss
Myopathy
Peripheral
neuropathy
Vision loss

Cardiac features

In 70%:

most often DCM, often
with EFE, also LVNC,
rarely HCM

VT, VF

Low threshold for ICD if
symptoms or EPS suggest
VT

HCM, DCM
Bradycardia

Ventricular preexcitation

HCM, DCM
Ventricular preexcitation

In 50%:

HCM, without LVOTO,
later DCM, LVNC, RCM
First-degree AV block

IV conduction block
Ventricular preexcitation
(in ~15%)

PVC’s (>15/h)

SCD

In 40%:
HCM, DCM, HiCM
Ventricular preexcitation

HCM

Genetic basis

nDNA, TAZ gene on
X-chromosome

mtDNA and nDNA, many
mutations

nDNA, homozygous or
compound heterozygous
mutations in AGK gene

mtDNA, point mutations
(m.3243A>G in 80%;
m.3256C>T, m.3271T>C,
m.4332G>A, m.135513G>A,
m.13514A>G)

mtDNA, point mutations
(m.8344A>G most common;
m.8356T>C, m.12147G>A)

mtDNA, point mutations
(m.8993T>G, m.8933T>C)

rent episodes can lead to chronic impairment and eventually
encephalopathy. Events may be triggered by infections.
Eventually, other organ systems will be involved with
exercise intolerance, muscle weakness, progressive hearing
impairment, developmental delay, short stature, gastrointes-

Reference

[9]

[13]

[9, 12,
13]

[9, 13]

[9, 13]

(continued)
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Table 11.1 (continued)

Extra-cardiac

Clinical syndrome Age of onset  clinical features

Cardiac features

Genetic basis Reference

Kearns—Sayre syndrome (KSS) Adolescence  Ataxia In >50%: mtDNA, single large [9,
Deafness HCM, DCM heteroplasmic deletion 12-14]
Delayed puberty  First- to third-degree AV
Diabetes mellitus  block
Ophtalmoplegia IV conduction block:
Myopathy mostly LAHB, RBBB
Renal dysfunction Ventricular preexcitation
Short stature SCD in up to 20%
Sudden deathin ~ AFib
~10% Low threshold for PM
implantation, this may
precipitate TdP, consider
preventive ICD placement
Leber hereditary optic Adolescence  Central scotoma HCM, LVNC mtDNA, point mutations, [9, 13,
neuropathy (LHON) to adulthood  Optic atrophy Ventricular preexcitation ~ homoplasmic 15]
Postural tremor (m.11778G>A, m.14484T>C,
Peripheral m.3460A>G)
neuropathy
Multiple
sclerosis-like
illness
Chronic progressive external ~ Adulthood Dysphagia HCM mtDNA and nDNA, many [13]
ophtalmoplegia (CPEO) Exercise mutations
intolerance
Hearing loss
Myopathy
Opthalmoplegia
Parkinsonism
Ptosis
Maternally inherited diabetes ~ Adulthood Diabetes HCM mtDNA [13]
and deafness (MIDD) Exercise Ventricular preexcitation
intolerance
Hearing loss
Muscular atrophy
Myopathy

Renal failure

AGK acylglycerol kinase, AFib atrial fibrillation, DCM dilated cardiomyopathy, EFE endocardial fibroelastosis, HCM hypertrophic cardiomyopa-
thy, HiCM histiocytoid cardiomyopathy, /CD implantable cardiac defibrillator, LAHB left anterior hemiblock, LVNC left ventricular non-compac-
tion, RCM restrictive cardiomyopathy, SCD sudden cardiac death, 7dP torsade de pointes, VT ventricular tachycardia, VF ventricular fibrillation

tinal dysmotility, nephropathy, and diabetes mellitus as pos-
sible manifestations.

Cardiac manifestations include arrhythmias, conduc-
tion defects, and cardiomyopathy, mostly of the hypertro-
phic type.

Disease severity is dependent on the level of mutation
load in the involved tissues (see section Molecular Diagnosis)
which may lead to different clinical presentation of pheno-
type, even among affected family members.

Curative therapy is not available. Supportive therapy
includes supplementation of arginine (precursor of nitrogen
oxide that may prevent or ameliorate stroke-like episodes),
CoQ10 and carnitine. In contrast, valproic acid as antiepilep-
tic drug, as well as aminoglycoside antibiotics should be
avoided.

Clinical Diagnosis

The diagnostic process starts with a detailed history and fam-
ily history followed by a systematic physical examination.
Signs of multisystem involvement should be actively
searched for. Mitochondrial disease should be suspected
when >2 organs are involved. In addition to cardiac and neu-
rological involvement look for:

* gastrointestinal involvement: feeding difficulties, vomit-
ing, failure to thrive

¢ liver involvement: (neonatal) cholestasis, elevated serum
liver enzymes, hypoglycemia

¢ renal involvement: elevated serum creatinine, albumin-
uria, hematuria, aciduria
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e endocrinological involvement: elevated serum glucose,
decreased thyroid function

Figure 11.3 provides an overview of all clinical manifes-
tations of PMD.

Additionally, history taking should focus on deteriora-
tion, prolonged clinical course, or excessive symptoms asso-
ciated with energy-consuming periods or triggers (e.g.,
infectious diseases, vaccinations, exercise).

Special attention should be given to the possibility of
maternal inheritance. Consanguinity should be noted.

A comprehensive physical examination, including evalu-
ation by an ophthalmologist and neurologist, should be per-
formed in case of suspected PMD. Based on the findings,
this can be supplemented by vision and hearing tests, devel-
opment or exercise tests, and/or imaging of liver, spleen, kid-
ney, and brain.

Cardiac evaluation includes 12-lead electrography
(ECG) and transthoracic echocardiography. The echocar-
diogram should examine ventricular wall thickness, ven-
tricular cavity size, left ventricular (LV) systolic and
diastolic function, LV outflow obstruction (LVOTO), and
valve abnormalities [16]. In the case of a poor echo win-
dow, other imaging modalities as transesophageal echocar-
diography, cardiac magnetic resonance (CMR), or cardiac
computed tomography (CT) should be considered.

Hypertrophic cardiomyopathy (HCM) is the most com-
mon form of cardiomyopathy, followed by dilated cardiomy-
opathy (DCM) and left ventricular non-compaction (LVNC).
Rarely, restrictive or histiocytoid cardiomyopathy is
encountered.

Hypertrophic cardiomyopathy is diagnosed if imaging
reveals unexplained left ventricular wall thickening
>15 mm or >+2 Z-score (interventricular septum and/or
left ventricular posterior wall). HCM in PMD is typically
characterized by concentric hypertrophy  without
LVOTO. The development of LV systolic dysfunction is
more common than in sarcomeric HCM [7]. Very rarely,
asymmetric hypertrophy, right ventricular hypertrophy, or
LVOTO due to systolic anterior motion of the mitral valve
(SAM) or mid-left ventricular cavity obstruction can be
seen [1]. In borderline cases, myocardial deformation
imaging with speckle tracking may detect subclinical car-
diac involvement. CMR is the gold standard for the evalu-
ation of LV and RV function and for detection of fibrosis
(when combined with late gadolinium enhancement
(LGE)). The pattern and extent of LGE might point into
the direction of a specific PMD. For example, MELAS
patients have focal intramural LGE diffusely distributed
over all LV segments [17].

Dilated cardiomyopathy is less often seen, in approxi-
mately 30% of all cases with cardiomyopathy, and is

defined by the presence of unexplained left ventricular
(LV) dilatation with LV end-diastolic volumes or diame-
ters (>+2 Z-score) and systolic dysfunction. DCM often
develops as a secondary consequence of preexisting
HCM [9].

Twelve-lead ECG will show abnormalities in 68% of all
cases [1] with T-wave inversion (negative T wave in V6)
being the most common ECG abnormality, sometimes
found as first sign of cardiac involvement [7]. Other abnor-
mal ECG findings are all degrees of atrioventricular (AV)
block, left or right bundle branch block, left anterior hemi-
block, nonspecific intraventricular conduction delay, ven-
tricular preexcitation, prolonged corrected QT interval, left
ventricular hypertrophy (LVH), pathologic Q waves, and
ST-segment depression. Where patients with CPEO/KSS
typically show right bundle branch block with T-wave
inversion, MELAS patients have pathologic Q waves, LVH,
left bundle branch block, and ST/T changes [17]. Holter
ECG will facilitate the diagnosis of conduction defects and
arrhythmias.

Patients with ventricular preexcitation may develop
AV-reentry tachycardia or atrial fibrillation. Other arrhyth-
mias found in patients with PMD are premature ventricular
contractions, ventricular tachycardia, and ventricular
fibrillation.

Although a detailed clinical evaluation will help to sup-
port the diagnosis of a PMD, it is difficult to make a defini-
tive diagnosis without the help of molecular and genetic
investigations. With the improvement of genetic techniques,
genetic evaluation has claimed a prominent place in the diag-
nostic process and should be considered early or even
upfront. The case presentation (Fig. 11.2) illustrates how
genetic techniques help to elucidate PMD as a cause of
hypertrophic cardiomyopathy.

Specific laboratory findings associated with mitochon-
drial dysfunction involve elevated lactate concentrations in
plasma (although easily falsely elevated by blood withdrawal
or pre-analysis conditions) and cerebrospinal fluid (more
specific). Among metabolic analyses, abnormal urinary
organic acids (lactate, tricarboxylic acid cycle intermediates)
and elevated plasma amino acids (alanine, proline) and pipe-
colinic acid may be found. To further screen for organ dys-
function and to evaluate other differential diagnostic
possibilities, basic laboratory tests should also include acid—
base status, hematology, basic chemistry (ammonia, CK,
CK-MB, transaminases, renal function tests, basic hormone
screens). Basic metabolic analysis should involve screening
for other disorders in energy metabolism (fatty acid oxida-
tion disorders, glycogen storage disorders), storage diseases,
and congenital disorders of glycosylation.

The diagnosis of PMD can be further supported by abnor-
mal findings in an oral glucose tolerance test or muscle
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biopsy. However, these tests are invasive and time-
consuming, and do not yield a molecular/genetic diagnosis.
In this era of genetic technological possibilities, we therefore
advocate genetic testing (specific gene, gene-panel, or untar-
geted (whole exome/genome sequencing) early in the diag-
nostic process, especially in acute settings.

When the diagnosis is not straightforward, especially in
acute or life-threatening disease, tissue biopsy should be
considered, also for further biological elucidation of poten-
tially novel genetic defects. Skin biopsies are easy to obtain
with local anesthesia. However, the disease phenotype of
PMDs is not always apparent in fibroblasts. More invasive
diagnostic procedures (muscle biopsy or other tissues
depending on the clinical signs) should be considered in par-
allel with genetic testing if urgent diagnosis is needed.

If PMD is suspected, a metabolic specialist should be
consulted, together with other specialists, depending on the
organ systems affected. Often these will include neurolo-
gists, geneticists, ophthalmologists, ENT specialists, and
physiotherapists.

The Mitochondrial Medicine Society provided a consen-
sus statement on the diagnosis of mitochondrial disease [18].

Differential Diagnosis

The differential diagnosis of multi-system involvement is
broad and comprises other metabolic disorders, systemic
autoimmune rheumatic disease, systemic infections,
malignancies, and intoxications. The diagnosis of specific
cardiac phenotypes might narrow the list of potential causes.
HCM is caused by mutations in genes encoding sarcomere
proteins, inborn errors of metabolism, neuromuscular disor-
ders, and syndromic diseases. DCM is caused by myocardi-
tis, mutations in genes encoding sarcomere proteins,
neuromuscular disorders, drugs, toxins, nutritional deficien-
cies, electrolyte disturbances, endocrine disease, and auto-
immune disease.

From the inborn errors of metabolism fatty acid oxidation
disorders (FAO), storage disorders, disorders of glycosyl-
ation, and PRKAG?2 syndrome should be considered.

FAO, especially long-chain 3-hydroxyacyl-CoA dehydro-
genase deficiency (LCHADD) and very long-chain acyl-
CoA dehydrogenase deficiency (VLCADD), may present
with arrhythmias, cardiomyopathy, and sudden cardiac
arrest. Storage disorders, especially Pompe (GSD 2) and
Danon disease, may show HCM, ventricular preexcitation,
multisystem involvement, and developmental delay.
Congenital disorders of glycosylation can present with HCM
in combination with pericardial effusion, sometimes leading
to cardiac tamponade. PRKAG?2 syndrome is characterized
by HCM, ventricular preexcitation, arrhythmias, and high-
grade AV block.

Molecular Diagnosis

Inheritance

In mitochondrial disease, different modes of inheritance are
observed, as the mtDNA is exclusively maternally inherited
and diseases due to nDNA mutations follow a Mendelian
inheritance pattern (i.e., autosomal dominant (AD), autoso-
mal recessive (AR), and X-linked (XL)). The maternal inher-
itance pattern of mtDNA defects is a result of the fact that the
mammalian egg contains about 100,000 copies mitochon-
drial mtDNA, while the sperm head only contains approxi-
mately 100 copies.

DNA Testing

When a patient is suspected of a mitochondrial disease
based on clinical presentation, biochemical screening, and/
or histopathological studies, DNA analysis of both the
mtDNA and nDNA should be considered. If a maternal
inheritance pattern is observed, mtDNA should be ana-
lyzed. Since the load of mutated mtDNA may vary between
tissues, different input materials can be considered, includ-
ing blood, urine, and saliva. When the inheritance pattern is
unsure, both the mtDNA and the genes of the nDNA encod-
ing mitochondrial proteins should be sequenced. In the era
of next-generation sequencing, for the nDNA genes, tar-
geted panels, as well as whole-exome sequencing (WES),
are available. For variant interpretation, it is highly recom-
mended to simultaneously test the parents of the proband
(trio-WES).

Genotype-Phenotype Correlations

The mtDNA can be identical, defined as homoplasmy, or a
mixture of two or more types, defined as heteroplasmy. Most
mutations in the mtDNA are present in a subset of mtDNA
copies, and therefore the cell contains a mixture of normal
and mutant mitochondria (heteroplasmy). When the cell
divides, the mitochondria are randomly distributed.
Therefore, the percentage of mutant mtDNA can differ in
different organs and tissues. As a result, the phenotype of
mitochondrial disease can be very heterogeneous. The phe-
notype of mitochondrial disease caused by nDNA mutations
is generally more homogeneous, however, as in most genetic
diseases, variable expression is usually observed. Due to the
rare prevalence and the many different genes involved, geno-
type—phenotype studies in mitochondrial disease due to
nDNA mutations are hampered.

Therapy

General Management
The Mitochondrial Medicine Society has provided consen-
sus statements on the management of mitochondrial disease
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[18, 31]. In general, there is no curative therapy available and
management is mainly supportive. Because of the multi-
organ involvement of PMD therapy is best provided by a
multidisciplinary team. The current treatment options
(reviewed in [19]) are symptomatic treatment (e.g., physio-
therapy for hypotonia, cardiac pacing for conduction
defects), exercise, diet, and the use of agents to improve
mitochondrial function and to ameliorate the effects of mito-
chondrial dysfunction. These agents act in various ways:
CoQ10, riboflavin, and thiamine enhance mitochondrial
OXPHOS function, creatine provides an energy buffer, vita-
min C, vitamin E, lipoic acid, cysteine donors, and EPI-743
act as antioxidant, amino acids such as arginine and citrulline
restore nitric oxide production, elamipretide protects cardio-
lipin and bezafibrate, epicatechin, and RTA 408 enhance
mitochondrial biogenesis [19]. Idebenone, a CoQ10 analog,
has been shown beneficial in the treatment of Leber heredi-
tary optic neuropathy (LHON). Since the field of mitochon-
drial disease is advancing rapidly a mitochondrial expertise
center may be contacted to inform about (upcoming trials of)
new therapies.

Though some treatment options (e.g., supplementation
with thiamin, riboflavin, biotin, and CoQ10) can be employed
empirically to all (critically ill) patients with PMD [20]),
others are guided by a specific molecular diagnosis. For
example, ketogenic diet is advised in mitochondrial diseases
caused by complex I defects.

Another aim in the management of mitochondrial disease
is the prevention of clinical exacerbations. Patients with
mitochondrial disease can develop metabolic dysregulation
during and after anesthesia, operations, and intercurrent ill-
ness. Preoperative fasting should be minimized, and patients
should be provided with enough intravenous glucose to
maintain normoglycemia. Caution must be used with various
certain inhalation anesthetics, muscle relaxants, and propo-
fol (reviewed by [21]).

Beside anesthetic medication, other classes of drugs can
aggravate mitochondrial disease, and should be used with
caution. Examples include antiepileptics as valproic acid,
topiramate and vigabatrin, aminoglycoside antibiotics, the
antidiabetic metformin, the beta-blockers carvedilol, meto-
prolol [22] and propranolol, the class III anti-arrhythmic
amiodarone and statins [21].

Management of Cardiac Involvement

The therapy of mitochondrial cardiomyopathies follows the
current guidelines [23, 24], and comprises a combination of
diuretics, an angiotensin-converting enzyme inhibitor, and
a beta-blocker. Choosing the right beta-blocker for a patient
with PMD is difficult. As mentioned earlier, the beta-
blockers carvedilol, metoprolol, and propranolol are
reported to inhibit mitochondrial function. In vitro data
showed a correlation to lipophilicity [25]. The high-lipo-

philic beta-blocker propranol caused the highest inhibition.
The low-lipophilic atenolol showed no inhibition, making
it a safe first choice. Cardiac device therapy should follow
the current guidelines [26].

Risk Stratification

In childhood-onset PMD, mortality is higher in younger
patients and in those with cardiomyopathy. Holmgren et al.
described 71% mortality in patients with cardiomyopathy
compared to 26% in those without [27]. When measured at
the age of 16 years, Scaglia et al. observed 16% survival in
patients with cardiomyopathy, and 95% in patients without
cardiomyopathy [11]. Age at first symptoms is a major prog-
nostic factor for mortality. Infants presenting before 6 months
of age have a tenfold increased risk of mortality compared
with those presenting later [28].

For HCM a risk model/calculator has been developed in
Europe comprising age at evaluation, family history of
SCD, maximal LV wall thickness, fractional shortening,
left atrial diameter, maximal LV outflow tract gradient,
non-sustained ventricular tachycardia, and unexplained
syncope [23]. Unfortunately, this model/calculator has not
been validated for pediatric patients (<16 years) and for
patients with metabolic and syndromic HCM. Norris et al.
found the following imaging findings associated with
increased SCD in childhood: increased left atrial size,
increased mitral E/E’ ratio, reduced global longitudinal
strain, and increased LGE [29].

Recommendations During Pregnancy
and Delivery

Women with mitochondrial disease are likely to experience a
variable clinical course before, during, and after pregnancy
with an increased risk for cardiac deterioration, preterm
delivery, preeclampsia, and toxicity from magnesium sulfate
(given for preeclampsia) [30].

General and Specific Recommendations,
ICD Recommendations, Follow-Up Advice

The following recommendations are derived from the Patient
care standards of the Mitochondrial Medicine Society [31].

1. Care at a tertiary center with metabolic and cardiology
expertise in mitochondrial diseases is preferred.

2. Follow-up evaluation should include clinical assessment,
blood pressure measurement, ECG, and echocardiogra-
phy every 12 months for at least 3 years.
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e Earlier follow-up is suggested for those with new-
onset cardiac symptoms or those at higher risk.

e Extension of this 12-month interval may be considered
after consultation of a clinician experienced in the
management of cardiac involvement. However, if the
patient is stable for 3 years, ECG and echocardiogra-
phy may be extended to every 2-3 years with return to
yearly follow-up (or more frequently) if cardiac dete-
rioration is suspected.

* In asymptomatic mutation carriers, the interval of fol-
low-up should be according to their risk of developing
disease.

3. 24- to 48-hour ECG monitoring should be obtained every
1-2 years for all patients at high risk of preexcitation syn-
drome/conduction disease, patients with severely impaired
left ventricular systolic function (left ventricular ejection-
fraction <35%), patients with paroxysmal symptoms sug-
gestive of cardiac involvement (palpitations), and patients
with left ventricular systolic or diastolic dysfunction.

* More frequent monitoring is needed in patients with
large-scale mtDNA deletions due to the high risk of
heart block and either of two of the more common
pathogenic mtDNA mutations (m.3243A>G and
m.8§344A>G) owing to the high risk of ventricular
preexcitation.

e Ablation should be considered in supraventricular
tachycardia, Wolff—Parkinson—White syndrome, or
any arrhythmia potentially treatable by this technique.

* A low threshold for pacemaker implantation is needed
to prevent cardiac death. Pacemakers can be combined
with implantable defibrillator if needed. An implant-
able cardioverter defibrillator is indicated in patients at
risk of sudden death, when the left ventricle wall thick-
ness is >30 mm, and in patients with ventricular tachy-
cardia (sustained and non-sustained).

4. Cardiac magnetic resonance imaging is indicated in
patients with inconclusive echocardiographic images to
identify structural remodeling, to quantify abnormalities
more precisely prior to starting a treatment and when
invasive therapies like septal myectomy are considered.

5. Other cardiovascular risk factors should be assessed and
treated accordingly.

6. Exercise testing and/or stress echocardiography should be
performed under close monitoring to assess functional
capacity, response to therapy, and exercise-induced
dynamic left ventricular outflow tract obstruction. This
test should not be performed in all patients; the potential
health risks (exercise intolerance, metabolic decompensa-
tion) should be weighed against the expected benefits of
such a test.

7. If physical activity is possible, the intensity of the physi-
cal activity should be prescribed by the cardiology team,
according to the limitations of their cardiac function.

8. In the setting of end-stage heart failure, transplantation
may be considered. Decisions to list a patient for trans-
plant should be taken in the light of other comorbidities
and the known natural history of the specific mitochon-
drial disease.

Family Screening

Cascade Molecular Screening

When a molecular defect is identified it is essential to ana-
lyze close relatives in order to identify other family members
at risk of PMD. Depending on the inheritance pattern, differ-
ent family members can qualify for predictive DNA testing.
For instance, if an mtDNA mutation is identified, only indi-
viduals in the maternal line are selected and children of male
carriers do not require a DNA test. If biallelic mutations are
identified in an autosomal recessive gene, siblings can be
analyzed.

In case of a variant of unknown significance (VUS) close
family members can be analyzed in order to obtain more
information about its character. For instance, a de novo vari-
ant in a proband in an autosomal dominant gene is often con-
sidered likely pathogenic if the parents do not show signs of
disease. Also demonstrating that a VUS and a pathogenic
mutation in the same autosomal recessive gene are biallelic
and carried by both parents may raise suspicion of pathoge-
nicity of the VUS.

Cascade Clinical Screening

When mitochondrial disease is still highly suspected and no
causative mutation is identified in the proband, clinical eval-
uation may be considered in first-degree relatives. This may
involve biochemical screening, including the determination
of plasma lactate and amino acids, blood glucose, urine
organic acids, depending on the abnormalities found in the
proband. If cardiomyopathy is the main feature in the pro-
band, periodic cardiological evaluations should be
considered.

Follow-Up Advice

When mitochondrial disease is identified in a family mem-
ber, in general similar follow-up advice as to the proband is
given.

Family Planning

Once the pathogenic mutation has been identified in an
affected family member in the nDNA, prenatal testing and
preimplantation genetic diagnosis for PMD are possible.
Interpretation of prenatal diagnostic results is complex in
PMD due to an mtDNA mutation because the mutational
load in the tissues sampled (i.e., amniocytes and chorionic
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villi) may not correspond to that of the fetal tissues. Moreover,
the mutational load may shift in utero or after birth as a result
of random mitotic segregation. For de novo mtDNA point
mutations, recurrence risks are low and prenatal testing can
be offered. Prenatal testing is also an option for female carri-
ers with low mutational load [32]. Using preimplantation
genetic diagnosis, embryos with a mutant load below a
mutation-specific or general expression threshold of 18%
can be transferred [32].

Alternatively, oocyte donation will prevent the transmis-
sion of mtDNA.

Summary

Primary mitochondrial diseases (PMD) are caused by mito-
chondrial dysfunction due to mutations in nuclear or mito-
chondrial DNA. Cardiac involvement is present in the
majority of patients with cardiomyopathy, arrhythmias, and
conduction defects being most prevalent. Hypertrophic car-
diomyopathy is the most frequently encountered cardiomy-
opathy in PMD but also dilated cardiomyopathy and left
ventricular non-compaction can occur. Cardiac symptoms
may be the presenting sign of PMD or can be found when
screening patients with suspected PMD. Early-onset PMD
(0-3 years) is generally more severe with multi-organ
involvement than late-onset PMD (adolescence/early
adulthood).

Where PMD like Barth syndrome, Sengers syndrome,
and MELAS used to be clinical diagnoses, DNA analysis
plays an increasingly important role early in the diagnostic
process and should be performed as soon as PMD or a mito-
chondrial cardiomyopathy is suspected. Since mitochondria,
and thus mutant mitochondrial DNA, are randomly distrib-
uted during the cell cycle, disease and phenotype may vary
greatly.

Treatment for mitochondrial cardiomyopathies is mainly
supportive and comprises a combination of diuretics, an
angiotensin-converting enzyme inhibitor, a beta-blocker,
preferably atenolol, and cardiac device therapy. Furthermore,
an increasing number of supplements are being used to
improve mitochondrial function and to ameliorate the effects
of mitochondrial dysfunction. Despite supportive therapy
mortality in mitochondrial cardiomyopathy remains high (up
to 84%) and is inversely related to age at presentation.

Take-Home Message

Mitochondrial cardiomyopathies are rare but highly lethal,
especially when diagnosed early in life. They are always part
of a primary mitochondrial disease and should be considered
in patients with multi-organ involvement. DNA analysis is

key in establishing the correct diagnosis. Therapy is mainly
supportive.
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Introduction

Long QT syndrome (LQTS) predisposes to life-threatening
ventricular arrhythmias and sudden death. It is an inherited
arrhythmia syndrome leading to prolongation of the repolari-
sation phase of the cardiac action potential. It may manifest
as lengthening of the heart rate-corrected QT interval (QTc)
on the surface electrocardiogram (ECG).

LQTS was first described as an autosomal recessive form
with sensorineural deafness, the Jervell and Lange-Nielsen
syndrome, and the autosomal dominant form, the Romano-
Ward syndrome [1-3]. It was not until the 1990s that the
molecular basis of the condition began to unravel through
linkage studies and the subsequent identification of muta-
tions in specific genes that encode cardiac ion channels
[4-8].

The prevalence of LQTS amongst Caucasians is esti-
mated to be 1:2000-1:2500 based upon a large study of neo-
natal ECGs and targeted genetic testing in nearly 45,000
Italian infants [9]. The clinically diagnosed prevalence in the
general population is however likely to be less than 1:2000.
This is because of incomplete penetrance with a large pro-
portion of mutation carriers remaining asymptomatic
throughout life and escaping detection. In others, the first
presentation may be a fatal cardiac arrhythmia and the diag-
nosis made post-mortem. Indeed, LQTS is one of the most
common causes of autopsy-negative sudden death, also
known as sudden arrhythmic death syndrome (SADS),
accounting for up to 20% of cases [10-12]. Patients with
LQTS have been identified worldwide, although there is a
paucity of cases reported amongst black ethnic groups [13].

This chapter will review the clinical presentation of
LQTS, its diagnosis, and principles of management in the
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context of recent clinical advances and molecular genetics,
with a focus on the most common forms of LQTS—LQTI,
LQT?2, and LQTS3.

Aetiology/Pathophysiology

LQTS is most frequently caused by loss-of-function muta-
tions of genes encoding cardiac potassium channels respon-
sible for Iy, and I, the slow and rapid rectifying currents,
resulting in reduced outward potassium currents and a longer
action potential duration (APD). The ion channel dysfunc-
tion is secondary to two distinct biophysical mechanisms.
One is the failure of assembly and trafficking of the channel
to the cell membrane resulting in haploinsufficiency. The
other is successful trafficking to the membrane of defective
channels with a dominant-negative effect (where channel
a-subunits are organised in tetramers and mutant protein acts
antagonistically to the wild-type protein). Gain-of-function
mutations affecting the cardiac sodium channel and its inter-
acting proteins may lengthen the plateau phase of the APD
by increasing the late inward sodium current (late Iy,), whilst
gain-of-function mutations affecting the calcium channel
(Ica) may also occasionally be associated. Figure 12.1
depicts some of the cardiac ion channels and other proteins
involved in different inherited arrhythmia syndromes, though
not all of these are implicated in LQTS [14].

Molecular Genetics

Advances in molecular genetics over the past 20 years have
led to the discovery of mutations in a total of 15 genes caus-
ing LQTS and have provided insights into underlying molec-
ular mechanisms. A mutation is identified in 80-85% of
definite LQTS cases, but 15-20% of LQTS cases remain
genetically elusive (no pathogenic variant identified despite
standard clinical genetic testing).
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Fig. 12.1 Mutations in the ion channel encoding genes lead to the
aberrant function of the respective proteins and to different cardiac
channelopathies. (a) Potassium (Ik,), (b) calcium (I¢,.), and (¢) sodium
(In.) channel structures and subunits are shown. Abbreviations: CASQ2

LQTI1,LQT2, and LQT3, caused by mutations in KCNQ1,
KCNH2, and SCN5A respectively, account for over 90% of
genetically confirmed LQTS. Genes encoding p-subunits,
membrane scaffolding proteins, or proteins interacting with
cardiac ion channels have been implicated in some rarer
types of LQTS and have only been identified in a few fami-
lies or isolated individuals [14, 15].

More than 70% of cases of LQTS are caused by missense
mutations, whilst the remainder comprise frameshift (10%)
and splice-site mutations and in-frame insertions and dele-
tions [16, 17]. Most reported mutations are exonic (in coding
regions of the gene), but non-coding mutations that affect
allele expression and larger genomic rearrangements have
been described [18].

Table 12.1 summarises the genes known to cause LQTS.

Mechanisms of Arrhythmia in LQTS

Polymorphic ventricular tachycardia (polymorphic), or tors-
ades de pointes (TdP), is the classical ventricular arrhythmia
associated with LQTS. TdP can be self-limiting causing syn-
cope, but it can also rapidly deteriorate into ventricular fibril-
lation (VF) and cardiac arrest.

Caveolin-3

@rﬁroﬁhﬁ@

calsequestrin-2, PLN cardiac phospholamban, RyR2 ryanodine receptor
2, SERCA2a sarcoplasmic/endoplasmic reticulum calcium ATPase 2a,
SR sarcoplasmic reticulum. Reproduced with permission from Wilde
and Behr [14]

TdP is typically triggered by a ventricular extrasystole.
Accentuated spatial dispersion of repolarisation within the
ventricular myocardium can lead to a unidirectional block in
conduction. This can set the stage for re-entry, which forms
the arrhythmic substrate. The ventricular extrasystole initiat-
ing the re-entry may either be pause-dependent, or it may be
triggered in the absence of a preceding pause [21, 22].

Pause-dependent TdP typically occurs in LQT2 but can
also occur in LQT3 [22]. It is initiated by ‘early afterdepo-
larisations’ (EAD) that develop under conditions of pro-
longed cellular repolarisation [23, 24]. Acceleration of an
initially slow heart rate or a short-long-short sequence of
preceding R-R intervals may then trigger EADs [22, 25]. The
prolonged plateau phase of the action potential, together
with enhancement of the sodium-calcium exchange current,
allows for the reactivation of the L-type calcium current
before repolarisation is complete, thereby generating the
EAD [23]. In contrast, early animal models suggested that
TdP in LQT1 may be triggered by ‘delayed afterdepolarisa-
tions’ (DAD) secondary to intracellular calcium overload at
higher heart rates, as a result of blockade of the slowly acti-
vating delayed rectifier potassium current (I,). Data from a
canine wedge preparation also showed that in the presence of
Ik, block, p-adrenoceptor stimulation accentuates transmural
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Table 12.1 The genes implicated in LQTS

LQTS Predominantly
subtype  Gene Locus Frequency (%)  Affected protein  Physiological role  affected current  Functional effect
LQT1 KCNQI 11pl5.5-p15.4  40-55 Kv7.1 a-Subunit Ixs Loss of function
LQT2 KCNH2 7q36.1 30-45 Kvll.1 a-Subunit I, Loss of function
LQT3 SCN5A 3p22.2 5-10 Navl.5 o-Subunit Tna Gain of function
LQT4 ANK?2 4q25-q26 <1 ANK2 Scaffolding Iy, and others Loss of function
LQT5 KCNEI 21q22.12 <1 MinK B-Subunit Ik Loss of function
LQT6* KCNE2 21q22.11 <1 MIRP1 -Subunit Tx: Loss of function
LQT7 KCNJ2 17q24.3 <l Kir2.1 o-Subunit Ik Loss of function
LQT8 CACNAIC 12p13.33 <1 CaVl1.2 o-Subunit Ic. Gain of function
LQT9* CAV3 3p25.3 <1 Caveolin 3 Scaffolding Ina Gain of
function?
LQT10  SCN4B 11g23.3 <1 Navfp4 f3-Subunit Ina Loss of function
LQT1l  AKAP9 7q21.2 <1 Yotiao ChIP s Loss of function
LQT12  SNTAI 20q11.21 <l Syntrophin ol ChIP Ina Loss of function
LQTI13 KCNJ5 11q24.3 <l Kir3.4 Transmembrane Txach Loss of function
domain
LQT14 CALMI 14q32.11 <1 Calmodulin Ca’* binding - Loss of function
protein
LQT15 CALM2 2p21 <1 Calmodulin Ca* binding = Loss of function
protein

*Conflicting data [19, 20]

dispersion of the APD [21]. More recent data from yet
another animal model indicates that TdP in LQT1 may be
initiated by focal excitations in the right ventricular wall,
which may be triggered by either DADs or EADs, and main-
tained by complex biventricular excitation dynamics [26].

Atrial arrhythmias, particularly atrial fibrillation, are
more frequent at younger ages in LQTS compared to the
general population. Abnormal atrial repolarisation and
refractoriness may contribute to the pathogenesis of atrial
fibrillation [27-29].

Clinical Presentation

The principal clinical presentations of LQTS constitute
arrhythmic events and distinct ECG features which may be
detected incidentally or as a consequence of family screen-
ing. Symptomatic individuals may present with syncope
(unexplained loss of consciousness without warning or pre-
ceding neurological symptoms), documented ventricular
arrhythmias (VT/VF), and/or cardiac arrest. On evaluation,
every effort must be made to distinguish true cardiac syn-
cope from other likely aetiologies not relevant to a diagnosis
of LQTS, although making such a distinction may often be
challenging.

Genotype-Phenotype Correlation

The typical phenotypic features of LQTS may vary depend-
ing on the genotype.

LQT1 patients have a high risk of developing ventricular
arrhythmias with physical exertion (particularly swimming
or diving) or emotional stress. The Ig, current is normally
activated by adrenergic stress, thereby shortening ventricular
repolarisation during fast heart rates. Reduced Iy, in LQT1
leads to an abnormal response to adrenergic stimulation with
inadequate action potential shortening at higher heart rates.
This is manifest as a progressive prolongation of the QTc
during exercise and early recovery [22, 25]. The increase in
risk with swimming and diving may be related to increased
cardiac vagal tone and peripheral sympathetically driven
vasoconstriction known as the ‘dive reflex’ [30].

Arrhythmic events in LQT2 are particularly associated
with auditory stimuli, particularly sudden loud noises such
as alarm clocks. The I, current is modulated by o- and
B-adrenergic stimulation, leading to an increased incidence
of arrhythmias during sudden stress or auditory stimuli [31].

In LQT3, increased late inward sodium current (late Iy,)
during the plateau phase of the action potential results in pro-
longation of repolarisation that is particularly marked at slow
heart rates. The highest risk of arrhythmias in LQT3 patients
is during sleep, and their corrected QTc intervals typically
shorten with exercise. It has been proposed that as a result of
the persistence of the late inward sodium current (Iy,) in
LQT3, Na* accumulates in the cardiomyocyte at faster heart
rates, lowering the Na* gradient and thereby Iy,. The effect of
this reduction would most apparent in the plateau phase of
the action potential, leading to a shortening of APD at faster
heart rates [32]. In addition, the normal Iy, current in LQT?2
and LQT3 may provide protection against ventricular
arrhythmias during physical exercise [33, 34]. A number of
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LQT3 mutations may also be associated with phenotypic
variability and cause an overlap phenotype with Brugada
syndrome and progressive cardiac conduction defect due to
accompanying reduced current density and/or peak current
[35, 36]. Table 12.2 summarises some of the unique features
of LQT1-LQTS3.

Incomplete penetrance is common in LQTS with con-
cealed mutation-positive carriers who have neither clinical
symptoms nor electrocardiographic features of LQTS [13].
Such genotype-phenotype mismatch may be due to age- and
gender-related penetrance, genetic modifiers, or environmen-
tal factors. More recently, it has been proposed that differ-
ences in autonomic function may also contribute to variation
in phenotype between carriers of the same mutation [37].

Natural History

The occurrence of the initial cardiac event appears to be related
to age, sex, and the severity of QT prolongation. In particular,
male children and female adults are at greater risk. Early data
suggested that genotype may also predict risk. For example,
early registry data indicated a higher incidence of lethal events

Table 12.2 Typical features of LQT1, LQT2, and LQT3

LQT1 LQT2 LQT3
Typical Physical Sudden loud  Sleep
circumstances of exertion/ noise
cardiac events swimming
Events in ++ + Rare
childhood
Events <40 years +++ ++ ++
Typical T-wave  Broad-based Low Long isoelectric
morphology and amplitude, segment with
prolonged  wide, notched late-appearing T
and/or bifid wave
QTec shortening ~ Reduced Normal Accentuated
with exercise
Efficacy of +++ ++ ++

beta-blockers

Fig. 12.2 Current HRS/
EHRA/APHRS Expert
Consensus Recommendations
on LQTS Diagnosis.
(Reproduced with permission
from Priori et al. [13])

1. LQTS is diagnosed:

in LQT3 despite therapy, especially at the first episode [38].
Cardiac events occur earlier in LQT1 males than females, and
LQT1 patients typically experience cardiac events at a younger
age, with the majority experiencing their first event (syncope,
resuscitated cardiac arrest, or sudden death) by the age of
20 years [34]. Other data, however, have suggested that LQT2
and LQTS3 patients have the highest incidence of first cardiac
event under the age of 40 years (42-45%) compared to LQT]1
(30%) [39]. The most recent data from the long QT registry
suggest however that whilst the gene affected in an individual
may influence the incidence of cardiac events, it plays less of
arole in overall arrhythmic mortality than the above main fac-
tors. The exception is the female LQT2 carrier who is at higher
risk than other genotypes [40, 41].

The overall 10-year mortality of untreated, symptomatic
LQTS patients is estimated at nearly 50% [42].

Clinical Diagnosis

Diagnostic Criteria: Taskforce Criteria
and Expert Opinion

Figure 12.2 summarises the current HRS/EHRA/APHRS
consensus recommendations for the diagnosis of LQTS. The
international consensus risk score for probability of LQTS is
summarised in Table 12.3. ESC guidelines that were pub-
lished in 2015 recommended less stringent clinical diagnos-
tic criteria (LQTS risk score > 3; QTc > 480 ms on repeated
ECGs, or QTc > 460 ms on repeated ECGs with unexplained
syncope) [45]. The presence of an unequivocally pathogenic
LQTS mutation is sufficient to make the diagnosis according
to both guidelines.

Electrocardiographic Features of LQTS

Prolongation of the heart rate-corrected QT (QTc) interval is
the hallmark of LQTS, but the QTc will vary and patients

Expert Consensus Recommendations on LQTS Diagnosis

a) in the presence of an LQTS risk score >3.5 (Table 3) in the absence of a secondary cause
for QT prolongation and/or

b) in the presence of an unequivocally pathogenic mutation in one of the LQTS genes or

c) inthe presence of a QT interval corrected for heart rate using Bazett's formula (QTc)
>500 ms in repeated 12-lead electrocardiogram (ECG) and in the absence of a
secondary cause for QT prolongation.

2. LQTS can be diagnosed in the presence of a QTc between 480-499 ms in repeated 12-lead
ECGs in a patient with unexplained syncope in the absence of a secondary cause for
QT prolongation and in the absence of a pathogenic mutation.
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with prolonged QTc can intermittently be within normal lim-
its. Other features to look for on the ECG include T-wave
morphology, T-wave alternans, and evidence of sinus node
dysfunction.

QT Interval

The QT interval is defined as the time between the onset of
the QRS complex and the end of the T wave. The end of the
T wave has classically been defined as the intersection of a

Table 12.3 Schwartz LQTS risk score [43]. (Reproduced with permis-
sion from Schwartz and Ackerman [44])

Points
Electrocardiographic findings*
A QTc® >480 ms 3
460-479 ms 2
450459 ms 1
(male)
B QTc fourth minute of recovery from exercise stress 1
test >480 ms
C  Torsades de pointes® 2
D  T-wave alternans 1
E  Notched T wave in three leads 1
F  Low heart rate for age! 0.5

Clinical history

A Syncope With stress 2
Without stress 1

B  Congenital deafness 0.5

Family history

A Family members with definite LQTS® 1

B Unexplained sudden cardiac death below age 30 0.5

amongst immediate family members®

Score: <1 point: low probability of LQTS. 1.5-3 points: intermediate
probability of LQTS. >3.5 points: high probability

“In the absence of medications or disorders known to affect these elec-
trocardiographic features

*QTec calculated by Bazett’s formula where QTc = QT/ \/ RR
‘Mutually exclusive

dResting heart rate below the second percentile for age

“The same family member cannot be counted in A and B

Fig. 12.3 Determining the
end of the T wave using the
tangent method

tangent to the steepest slope of the last limb of the T wave
and the baseline, in lead II or V5/V6 (see Fig. 12.3) [46].
However, this method is not without its shortcomings, and it
is easy to overestimate or underestimate the slope of the tan-
gent. An alternative method is to use the visual end of the T
wave (see Fig. 12.4). A recent study has suggested only a
small difference between the two methods and good repro-
ducibility in expert hands [47]. With either method, the end
of the T wave can be difficult to determine in the presence of
certain T-wave morphologies, or if U waves are present and
merge with the terminal part of the T wave. Generally, if the
U wave is of low amplitude compared to the T wave, it is
unlikely to be part of the T wave and should not be measured
(see Fig. 12.3). If both waves are of similar amplitude with a
biphasic or notched appearance, then the U wave can be
included in the measurement (see Fig. 12.4b) [48]. The only
exception is Andersen-Tawil syndrome where the QT/U
wave is routinely measured [49].

The measured QT interval is then corrected for heart rate:
the QTc interval. QTc is most commonly calculated using
the Bazett’s formula (QT interval/ \/ [R-R interval]) or occa-
sionally Fridericia’s (QT interval/ \3/ [R-R interval]),
Framingham, or Hodges formulae [50]. Ideally, the QT and
RR intervals are measured on at least three separate beats
and the mean values taken to minimise error due to sinus
arrhythmia. Atrial fibrillation further complicates the time
correction due to rhythm irregularity. Automated QTc mea-
surements can be taken as a guide, but it is important that the
QT interval is measured manually by a clinician with suit-
able expertise. Bazett’s formula leads to an underestimation
of the QTc at slow heart rates, whilst at fast heart rates there
is under-correction of the QT interval leading to an overesti-
mated QTc.

Furthermore, interventricular conduction delay and bun-
dle branch block may lead to overestimation of the QTc
interval. In left bundle branch block (LBBB), it has been
proposed that a ‘modified QTc’ can be calculated to correct




198

Y. D. Wijeyeratne and E. R. Behr

Fig. 12.4 Typical LQTS
ECGs. (a) LQTI1. (b) LQT2.
The arrow shows a notched T
wave, not to be mistaken for a
U wave, and the whole T
wave should be included in
measurement. (¢) LQT3. The
vertical blue lines indicate the
end of the T wave for
measuring the QT interval
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for the QRS prolongation, but this was based on a small
study where 60 patients with sinus rhythm and narrow QRS
underwent electrophysiological study with ventricular pac-
ing at the right ventricular apex and right ventricular out-
flow tract to simulate LBBB [51]. Whilst the same methods
as described above are applied when calculating the cor-
rected QT interval, it is important that the physician is
aware that there may be an overestimate of the QTc interval
[52-56].

There is considerable overlap of QTc intervals between
unaffected individuals and LQTS patients in families and
the general population. Many genetically confirmed LQTS
patients may have QTc within the normal range due to vari-
able penetrance: 30-40% of genotype-positive LQT1
patients, approximately 20% of LQT?2 patients, and 10% of
LQT3 patients do not have overt QT prolongation on the
baseline ECG [39]. As a result, QTc on the surface ECG
alone is not sufficient to diagnose LQTS in the vast major-
ity of patients. An exception is if QTc is <400 ms which has
a negative predictive value of nearly 100%, and
QTc > 480 ms has a high positive predictive value. In pri-
mary care, LQTS should be suspected if QTc > 460 ms in a
child under the age of 15 years, if QTc > 450 ms in an adult
male, or if QTc > 470 ms in an adult female, and the patient
should be referred for further evaluation [57]. Investigators
studying a large cohort of genotype-positive and genotype-
negative LQTS family members have proposed suitable
cut-offs based on age and gender for the likelihood of car-
rying pathogenic variants responsible for LQTS [47]. This
remains to be validated in other LQTS populations or the
general population.

T-Wave Morphology

In addition to QTc prolongation, there are changes in T-wave
morphology in LQTS, with some morphologies being char-
acteristically associated with mutations in certain genes.
LQT1 (KCNQI) is characterised by broad-based, often
peaked T waves; LQT2 (KCNH2) by low-amplitude, some-
times notched, T waves; and LQT3 (SCN5A) by late-onset T
waves of normal duration and amplitude with a long isoelec-
tric ST segment [58]. These characteristic morphologies,
however, may not always be present and can even overlap
[59]. Examples of LQT1, LQT2, and LQT3 ECGs are shown
in Fig. 12.4.

T-Wave Alternans

T-wave alternans is a beat-to-beat variation in the T-wave
morphology and ST segment secondary to regional hetero-
geneity of repolarisation. Macroscopic T-wave alternans is
one of the diagnostic criteria for LQTS and is a marker of
high cardiac electrical instability. T-wave alternans may be
present at rest but more commonly appears during periods

of emotional stress or physical exertion [60]. It is associ-
ated with a propensity to life-threatening ventricular
arrhythmias and high risk of cardiac events as it can pre-
cede TdP [61]. More recently, microvolt T-wave alternans,
calculated from 24 h continuous 12-lead ECG recordings,
was shown to be prevalent in LQTS patients and a marker
of arrhythmia risk [62].

Post-Ectopic QT Prolongation
QT prolongation is common in post-ectopic sinus beats. QT
prolongation of post-ectopic sinus beats >480 ms should
raise suspicion of LQTS which may be more apparent in
LQT2 [63].

Figure 12.5 illustrates post-ectopic QT prolongation in
LQTS.

Sinus Node Dysfunction

Long sinus pauses or inappropriate sinus bradycardia indica-
tive of sinus node dysfunction may be seen in patients with
LQT3 [35, 64]. Incomplete penetrance of sinus node dys-
function in LQT3 may be manifest as exaggerated sinus
arrhythmia, heart rates slower than would be expected for
age in infants and children, or inappropriate sinus
bradycardia.

Clinical Evaluation

The standard evaluation includes a thorough clinical history,
ECG, Echo, and 24 h ECG, ideally by a cardiologist with
expertise. Provocative tests for QT prolongation such as QT
measurement during change from a supine to standing posi-
tion, exercise testing, or an epinephrine infusion have been
proposed, but the clinical validity of these tests is yet to be
fully determined [13]. The recovery phase of exercise does
appear to offer the best additional value and has been
included in the LQTS risk score [43, 44, 65, 66]. The exer-
cise test thus should be a standard part of clinical
evaluation.
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Fig. 12.5 Post-ectopic QT prolongation in LQTS. SB spontaneous
beat and VPB ventricular premature beat
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LQTS can be overdiagnosed by physicians with less
experience in the condition. In one study, diagnostic con-
cordance was present in less than one third of patients
diagnosed with LQTS and subsequently referred to a ter-
tiary centre for second opinion [48]. Comprehensive eval-
uation by a cardiologist with expertise in electrophysiology
and inherited cardiac conditions working in close associa-
tion with a clinical geneticist and genetic counsellor is rec-
ommended. Such a setting would provide the optimal
facilities for accurate diagnosis and holistic management
of patients suspected to have LQTS, as well as their
families.

Clinical History and Examination

A thorough history of relevant symptoms must be taken,
with emphasis on distinguishing the aetiology of any synco-
pal episode by eliciting details of any unexplained collapses
or loss of consciousness at all ages. Personal or family his-
tory of unexplained road traffic accidents or drowning inci-
dents should raise suspicion of syncope. Furthermore, a note
should be made of any family history of epilepsy or sudden
infant death. If there have been any sudden deaths in the fam-
ily, every effort must be taken to (1) find out the circum-
stances of the death, (2) obtain any ante-mortem ECGs, (3)
obtain the post-mortem report, and (4) find out if a specialist
cardiac autopsy was carried out to confirm if it was a sudden
arrhythmic death syndrome (SADS) death [67]. A physical
examination should be carried out to look for any features
described in “Clinical Evaluation”.

ECG

The baseline 12-lead ECG must be carefully evaluated as
described in section “Clinical Evaluation”, and a 12-lead
ECG should be repeated at each follow-up appointment for
dynamic evaluation.

Cardiac Imaging
Cardiac structural abnormalities are excluded using transtho-

racic echocardiography and, if there is any doubt, cardiac
MRIL

Holter

Ambulatory ECG, or Holter, monitoring over a 24 or 48 h
period can provide information on QT intervals over a 24 or
48 h period. However, there is insufficient data on the normal
range for maximum QTc on a Holter, and QTc intervals
detected on Holter alone are insufficient to diagnose
LQTS. Supportive diagnostic features on Holter monitoring
include T-wave morphology, as well as features of electrical
instability such as T-wave alternans that can indicate higher
risk [68, 69]. Holter recordings have shown that LQTI
patients have more frequent QTc prolongation during the
day compared to night-time, but this variation is much less

marked in LQT2 [70]. In LQT3, the QT prolongation is often
more pronounced at night-time [71].

Lying/Standing ECG

Patients with LQTS tend to have inadequate shortening of
QTc in response to the sudden heart rate accelerations pro-
voked by standing, resulting in QTc prolongation that can
persist even after the heart rate returns to baseline. This can
be present in both LQT1 and LQT?2. This test can be carried
out conveniently using continuous ECG recordings to mea-
sure the QTc in the supine position, on standing quickly, and
for 5 min afterwards. The normal values for this test have,
however, not been agreed, and its diagnostic value is still
unclear [72-74]. Figure 12.6 illustrates QT prolongation on
standing in an LQT1 patient.

Exercise ECG

Exercise testing can be useful to measure exercise-induced
QT prolongation during exercise and in early recovery, par-
ticularly in LQT1 patients who will have relative QTc pro-
longation with exercise. The QTc prolongation is most
readily measured in early recovery and measurement of QTc
in the fourth minute of recovery can be used for the diagnosis
of LQTS amongst relatives of affected individuals and in
probands where it forms part of the Schwartz score [43, 65,
66]. Figure 12.7 shows ECGs of an LQTS patient on
exercise.

LQTI is also associated with a diminished chronotropic
response to exercise. In LQT2, there are normal QT shorten-
ing with exercise and a normal chronotropic response.
Conversely, in LQT3, QT shortening with exercise is often
exaggerated [32]. Exercise-induced ventricular ectopy is
uncommon in LQTS and should raise the suspicion of CPVT,
particularly if there is exercise-induced bigeminy [75].

Epinephrine Challenge

This provocation test can be useful to unmask QTc prolonga-
tion in concealed LQT1 [76]. The characteristic T-wave mor-
phology in LQT2 (notched T wave) may also appear with
epinephrine challenge, potentially unmasking concealed
LQT2 [77]. There are two widely used protocols for this
challenge [78, 79]. Induction of TdP or VF is unusual. The
utility of epinephrine challenge in routine clinical practice is
debatable, however, as noncarriers can also show QTc pro-
longation, and in our experience, false positives outside of
familial testing are common [80].

Differential Diagnosis

When making the diagnosis of LQTS, structural heart dis-
ease must be excluded using transthoracic echocardiography
and, if necessary, cardiac magnetic resonance imaging
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Fig. 12.6 (a) Lying-standing ECG with overlapping complexes of a single beat demonstrating QT prolongation during an orthostatic challenge
in an LQT1 female patient. (a) Lying ECG QT =452 ms. (b) ECG 20 s after standing QT = 520 ms

(MRI). Several hereditary and acquired cardiomyopathies
can cause intrinsic prolongation of QTc [81-83].

Other conditions that need to be considered, particularly
in symptomatic patients with a borderline QTc interval,
include vasovagal syncope, catecholaminergic polymorphic
ventricular tachycardia (CPVT), and epilepsy. In particular,
increased ventricular ectopy on exercise in a patient with
normal or borderline QTc should raise suspicion of CPVT.

Syncope with seizure activity can be misdiagnosed as
epilepsy, whilst in other cases, absences secondary to epi-
lepsy can be misdiagnosed as cardiac syncope. Therefore, if
unclear, a neurological opinion can be helpful. Other dif-
ferential diagnoses for a syncopal episode include vasovagal
syncope that may be preceded by postural changes or asso-
ciated with other physiological circumstances such as mic-
turition, emotion, dehydration, or environmental factors
such as external stressors or heat. Taking a thorough history
of the symptoms and the circumstances, including collateral
history, examination (e.g. looking for postural changes in
blood pressure), and undertaking a tilt test if required, can
help ascertain if the reported event should be considered as
a cardiac event, i.e. whether the patient is having symptom-
atic LQTS.

A careful history should be taken to exclude acquired
long QT syndrome secondary to QT-prolonging drugs or
electrolyte abnormalities secondary to intercurrent illness,
metabolic disorders, or eating disorders. Drugs that cause
QT prolongation are numerous including cardiac and non-
cardiac agents. In approximately 10% of cases of drug-
induced TdP, the congenital LQTS may be uncovered [84,
85]. Electrolyte abnormalities that will cause QTc prolonga-
tion include hypokalaemia, hypomagnesaemia, and hypocal-
caemia. Other situations causing prolonged QTc to be aware
of include hypothermia and hypothyroidism.

Table 12.4 summarises other diagnoses to be considered
when making a diagnosis of LQTS.

Multisystem Disorders

Several multisystem disorders have been described with
LQTS. Jervell and Lange-Nielsen syndrome is associated
with congenital deafness and may be caused by autosomal
recessive mutations in KCNQ1 or KCNEI. Affected individ-
uals may be either homozygotes (same mutation in both
alleles) or compound heterozygotes (two different mutated
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Fig. 12.7 (continued)

Table 12.4 Summary of differential diagnoses in LQTS

Both inherited and acquired
cardiomyopathy can be associated with

Cardiomyopathy prolonged QTc
Other inherited CPVT with borderline QTc can mimic
arrhythmia syndromes ~ LQTS

Drug-induced prolonged
QTc

Electrolyte disturbances

Several drugs can prolong QTc. These can
be found at qtdrugs.org [85]

Electrolyte disturbances associated with
intercurrent illness, metabolic disorders, or
eating disorders can mimic LQTS

Neurological conditions Epilepsy
Environmental or Hypothermia
physiological

circumstances

alleles) and usually have a more malignant phenotype [86—
88]. Mutations in KCNJ2 (LQT7) cause Andersen-Tawil
Syndrome which is associated with neurological and muscu-
loskeletal abnormalities as well as QT prolongation with
marked U waves. Its main extracardiac features include
minor facial abnormalities and periodic hypokalaemic paral-
ysis [89, 90]. Mutations in CACNAIC (LQTS) are responsi-
ble for Timothy syndrome that results in multisystem defects
in addition to prolonged cardiac repolarisation. These include

developmental delay, autism, congenital heart defects, cuta-
neous syndactyly, and distinctive facial features [91].
Timothy syndrome is extremely rare: fewer than 20 individu-
als have been reported worldwide, and survival beyond
childhood is unusual.

Molecular Diagnosis

Clinical assessment by a cardiologist with expertise in
assessing the likelihood of LQTS and genetic counselling by
suitably trained professionals are essential prerequisites to
genetic testing. Implications of genetic testing for the patient
as well as the family and the option of not testing must be
discussed. Other issues that should be covered during genetic
counselling include implications on lifestyle, job prospects,
and health insurance. The possibility of finding ‘unclassified
variants’ or ‘variants of uncertain significance’ (VUS) and
the resultant psychological consequences and the importance
of informing relatives need to be discussed. The patient
should understand that a negative genetic test does not rule
out the diagnosis.

Genetic testing can be in the form of either cascade
screening of a single known pathogenic variant that was
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found in the proband or a targeted gene panel to investigate
the proband. This may consist of a limited panel focusing
upon the most well-understood genes accounting for LQT1—
LQT3 and LQTS5-LQT6 or an all-inclusive panel covering
all known associated genes (see below) enabled by the
increased availability of next-generation sequencing (NGS).
Whilst this has resulted in more detailed genetic testing over
a short timescale, it has also led to the discovery of many
novel variants that are ‘private’ to that family meaning that
they have not been identified elsewhere and therefore their
diagnostic value may be limited. These are then often
labelled as unclassified variants or variants of unknown sig-
nificance until pathogenicity can be established (see Section
“Age and Gender”). ‘Founder’ mutations have also been
identified that are specific to distinct populations where a
mutation has occurred in a single ancestor and has survived
to be passed down to subsequent generations clustered in a
geographical region [36, 92, 93].

Whole-genome sequencing (WGS) is becoming faster,
cheaper, and more accessible and may eventually replace
other NGS methods such as whole-exome sequencing (WES)
due to the greater range of analyses possible. The extent of
genetic testing to be carried out, however, should only be
decided after thorough discussion with the patient and appro-
priate genetic counselling. An additional point of consider-
ation is the opportunity to test for appropriately selected
non-LQTS genes. This can even lead to the correct diagnosis
in selected cases. For example, in one study, over 5% of
patients with negative LQTS genetic testing who were tested
for RyR2 mutations were found to be mutation-positive and
diagnosed subsequently with CPVT [94].

Unclassified Variants and Importance
of Genotype-Phenotype Correlation

Establishing the pathogenicity of variants is crucial as
genetic screening has become an important tool in family
screening. Identification of a VUS leads to diagnostic uncer-
tainty with potential adverse psychological and economic
consequences to patients and families. Many studies impli-
cating genetic variants with pathogenicity have relied on
small control sample data without necessarily showing
genotype-phenotype co-segregation [95, 96]. A study of the
Exome Variant Server in 2012, however, identified a much
higher prevalence of previously LQTS-associated variants
than expected in exome data from population studies, sug-
gesting that caution must be exercised when interpreting the
pathogenicity of variants in individuals and families [97]. In
a further Danish population study, 33 genetic variants that
were previously reported in LQTS patients were identified in
243 individuals from a sample of 7000 individuals from the
general population. Ten variants were identified in eight or

more individuals included in this study. There were no asso-
ciations with QTc prolongation, history of syncope, or mor-
tality. Interestingly, the authors report that half of the
identified variants also had functional studies supporting
pathogenicity. The 33 variants called into question in this
study only comprise <2.5% of all variants previously associ-
ated with LQTS; however, these studies raise important
questions about the true pathogenicity of some variants pre-
viously thought to be disease-causing [95].

The classifications of LQT6 and LQT9, thought to be
caused by mutations in KCNE2 and CAV3, have been called
into question. High allelic frequencies of previously reported
LQT6 mutations have been found within the general popula-
tion [20]. In the largest available case series of LQT6 indi-
viduals, there was a lack of familial segregation of phenotype,
and it was found that where a single KCNE2 variant was felt
to be the primary culprit, arrhythmic events only occurred in
the presence of a secondary stressor, suggesting that the clas-
sification of LQT6 may need to be reconsidered [20].
Mutations in CAV3 causing LQTS are rare, and one of the
variants that was identified in 2006 that led to the discovery
of LQTY, CAV3 p.T78M, did not associate with either pro-
longed QTc intervals or abnormal T-wave morphology in a
subsequent study [19, 98]. Incidentally, the variant in ques-
tion was also the most frequently identified variant in the
Danish population study described above [95].

Thus, given the potential uncertainties that can arise with
genetic testing, it is essential that these services are provided
in expert centres where cardiologists with expertise in inher-
ited heart disease, genetic counsellors, and clinical geneti-
cists, preferably with cardiac expertise, work closely as a
team. Where an unclassified variant is found, it will not add
to the diagnosis. Further analysis of the variant must be made
by testing more family members with and without the pheno-
type to establish linkage. If further resources are available,
in vitro studies can help understand the functional signifi-
cance of a particular variant and add to the knowledge base.

Genetic Modifiers

Genetic loci, tagged by single nucleotide polymorphisms
(SNPs), both in LQTS-associated genes as well as other
genes, have been shown to be associated with QTc in the gen-
eral population [99—102]. These are thought to influence vari-
able penetrance and incomplete expression in some pedigrees.
For example, variants in the NOS1AP gene in chromosome 1
have been shown to be associated with increased risk of sud-
den death in a South African population harbouring a founder
mutation in KCNQI [92]. More recently, NOSIAP SNPs
were shown to be strongly associated with QTc interval in
patients with LQT?2. There was also a trend for effect on risk
of cardiac events in these patients. Furthermore, common
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genetic variations at KCNQI were shown to be associated
with risk of LQTS [103]. At this time, these markers have not
entered into routine clinical guidelines.

Risk Stratification

A critical aspect of management in LQTS is the prevention
of sudden death. Accurate risk stratification can be challeng-
ing; however, there are certain clinical and genetic markers
that can facilitate risk assessment.

Age and Gender

In LQTI, male gender is independently associated with a
higher risk of cardiac events before the age of 15 years, but
beyond this age, gender risk reversal has been observed with
adult females being at higher risk. In LQT2 too, females
aged 16 years and older are at higher risk of cardiac events
than males [104, 105]. LQT1 males who are asymptomatic at
a young age are at low risk of becoming symptomatic later in
life, whereas females, especially those with LQT?2, remain at
risk of having their first cardiac event even after the age of
40 years. In females aged 40-60 years, the LQTS-related
risk of sudden death remains higher than in unaffected
females, but the LQTS-related risk in males of this age group
is lower. The exact mechanisms of gender differences are
unclear but may be due to environmental or hormonal factors
[13, 40, 106, 107]. Recent data suggest that oestradiol plays
an important role in I, trafficking [108].

Physiological States

Effects of exercise, emotion, and rest in different LQTS gen-
otypes are described in Section “Diagnostic Criteria:
Taskforce Criteria and Expert Opinion”.

Pregnancy appears to affect the risk of cardiac events in
LQTS although data are limited. The risk of arrhythmias is
reduced during pregnancy, possibly secondary to hormonal
factors. However, the risk is increased 10-20% during the post-
partum period in LQT2 patients and is most marked in the first
9 months post-partum, with approximately 1 in 10 female
LQT?2 probands experiencing their first cardiac event in the
post-partum period. Apart from hormonal factors, environmen-
tal factors including sleep deprivation, emotional stress, and
noise (crying of the baby) may contribute to risk [109-111].

Family History

Early data indicated that the severity of a proband’s presenta-
tion did not influence risk in first-degree relatives [112]. A

family history of multiple cardiac arrests can be indicative of
higher risk; however, sudden death in one sibling does not
predict risk of cardiac arrest [113]. In view of these data,
sudden death in one first-degree relative is not, by itself, an
indication for implantation of an implantable cardioverter-
defibrillator (ICD) in a surviving affected family member
unless there are other features of risk [13].

Symptoms

Data from the International LQTS Registry indicates that a
history of syncope over time is a powerful predictor of risk
with different implications depending on age. The risk of
recurrent cardiac events is higher in children with syncope or
a cardiac arrest before the age of 7 years, even if they are on
appropriate medical therapy. Furthermore, infants who have
had a cardiac event before the age of 1 year are at especially
high risk of further lethal arrhythmias [114]. Adolescents
who have had one syncopal event over the preceding
24 months have a 12-fold increased risk of recurrence com-
pared to asymptomatic teenagers with the condition. Two or
more syncopal events over the preceding 24 months are asso-
ciated with an 18-fold increased risk. If the event is more
remote, then the increase in risk is threefold. In adults, a pre-
vious syncopal event before the age of 18 years is not associ-
ated with increased risk, provided there have not been any
further events. Syncope after the age of 18 years is then asso-
ciated with a fivefold increase in risk [40, 104]. Patients who
have recurrent cardiac events despite preventative lifestyle
measures and appropriate medical therapy are at increased
risk regardless of age [13].

QTc Interval

There is often marked variability in the QTc interval when
serial ECGs are measured over time. It has been suggested
that the maximum QTc measured on follow-up ECGs at any
one time provides incremental prognostic information
beyond the baseline measurement [115]. However, this needs
to be further validated. Nonetheless, the more prolonged a
resting QTc interval is, the greater the arrhythmic risk is. The
estimated risk of life-threatening arrhythmic events has been
shown to increase by 15% per 10 millisecond increase in
QTc duration, regardless of LQTI-LQT13 genotype (see
Fig. 12.8) [116]. Patients exceeding a QTc of 500 ms have a
3.3-fold increased risk of cardiac events, and the risk
increases to 6.3-fold when QTc is >550 ms. [40] In adoles-
cents, QTc > 530 ms is associated with a particular increase
in risk with an adjusted hazard ratio of 2.3 [104]. Concealed
mutation-positive carriers who are asymptomatic and have
normal QTc intervals have a relatively low risk of arrhythmic
events although this is still greater than noncarriers [13, 117].
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Nadolol: HR 0.38; Other BB: HR 0.76

5-year risk of LAE Percentage (%)
off therapy (R) of patients
Rl QT2QTc>520m 7%
LQT3 QTc>510ms
LQT1 QTc > 530 ms
% <R < 69 20%
3% <R=06% LQT2 QTc 471 — 520 ms °
LQT3 QTc 461 - 510 ms
1% <R < 3% 31%

All genotypes QTc < 460 ms

Fig. 12.8 Visualisation of 5-year risk of life-threatening arrhythmic
events (LAEs) by genotype and QTc interval before and after therapy
according to models derived from the patient population of the present
study. The column to the left indicates the cut-off of the 5-year risk of
LAEs that corresponds to each color-coded group of patients character-
ised by QTc duration and genotype (from green (lower risk) to red
(higher risk)). The column to the right indicates the percentage of

Genotype

Certain subtypes of LQTS, such as the Jervell and Lange-
Nielsen syndrome (homozygous or compound heterozygous
LQT1 and LQTS5) and the Timothy syndrome (LQTS), have
a high risk of malignant ventricular arrhythmias at an early
age and have a poor prognosis. Other compound and multi-
ple mutation carriers also seem to be at elevated risk [87,
118, 119]. Initial evidence had suggested that LQT2 and
LQTS3 are associated with a higher risk of sudden death than
LQTTI [39]. Although subsequent larger studies have indi-
cated however that genotype locus is of less utility other than
LQT?2 females being of moderately higher risk, a more recent
longitudinal study of 1710 LQTS patients followed up over a
median period of 7 years showed that, at any QTc duration,
patients with LQT2 and LQT3 have a greater risk of life-
threatening arrhythmic events compared to LQT1 patients
(30% and 57% greater risk, respectively) [40, 41]. Further, it
was shown that, for each genotype, the 5-year risk of life-
threatening arrhythmias increases with increasing QTc. This
is illustrated in Fig. 12.9.

Studies have since focused on the biophysical conse-
quences of specific mutations. In LQT1, mutations in the pore

patients in each color-coded category present in the cohort. The bar on
the top shows the HR of patients treated with nadolol (HR: 0.38) and
other BBs (selective BBs and propranolol; HR: 0.76) and can be used to
estimate the residual risk for each group of patients when treated with
BBs. BB beta-blocker, HR hazard ratio, LAEs life-threatening arrhyth-
mic events. (Reproduced with permission from Mazzanti et al. [116])

region of the potassium channel Kv7.1 are associated with a
higher frequency of cardiac events, as opposed to mutations
in the C-terminal region that are associated with a milder phe-
notype [17]. Furthermore, missense and dominant-negative
mutations are also associated with an increase in risk. The
dominant-negative KCNQ1 A341V mutation causes a particu-
larly severe phenotype [13, 120]. In LQT?2, mutations in the
pore-forming region are associated with a more severe pheno-
type [121]. In addition, evidence is growing that additional
genetic variants can modify the clinical phenotype of known
pathogenic mutations [122—125]. Common variants known to
modulate the QT interval in the general population have been
associated with longer QT intervals and clinical severity [92,
126]. These newer genetic risk stratifiers have not been incor-
porated into clinical practice as yet, pending further confirma-
tion in larger populations with longitudinal data.

Management/Therapy

There is a paucity of randomised controlled trials on the
management of LQTS owing to the low prevalence of the
condition and variable penetrance. Current guidelines are
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Fig. 12.9 Visualisation of the
5-year relative risk for
patients with each genotype
and for each QTc duration.
The four colours group
patients within the same
S-year risk of life-threatening
arrhythmic events. This
scheme can be used to
personalise the risk estimate
of patients at diagnosis in the
absence of beta-blocker
therapy and to estimate the
risk of life-threatening
arrhythmic events in patients
who are not compliant with
treatment. (Reproduced with
permission from Mazzanti
etal. [116])

Fig. 12.10 Amalgamation of
current expert consensus
guidelines on the management
of LQTS. (Adapted from
Priori et al. [13, 45], [127,
128])

5-year risk of Life-Threatening Arrhythmias

Baseline QTc interval
(ms)

461 - 470
471 - 480
481 - 490
491 - 500
501 - 510
511 - 520
521 - 530
531 - 540

541 - 550 5-YEAR RISK
551 - 560 BETWEEN 3% AND 6%

5-YEAR RISK >9%
> 560

5-YEAR RISK <3% 5-YEAR RISK BETWEEN 3% AND 6%

5-YEAR RISK BETWEEN 6% AND 9%

Expert Consensus Recommendations on management of LQTS

Class | Recommendations:
1. The following lifestyle changes are recommended in all patients with a diagnosis of LQTS:

a) Avoidance of QT-prolonging drugs (www.crediblemeds.org/new-drug-list/)

b) Identification and prompt correction of dehydration/electrolyte abnormalities
(hypokalaemia, hypomagnesaemia, hypocalcaemia) that may occur during diarrhoea,
vomiting, metabolic conditions, imbalanced diets for weight loss or eating disorders.

c) Avoidance and prompt treatment of hyperthermia, including training-related heat
exhaustion in athletes

d) Avoidance of genotype-specific triggers for arrhythmias (strenuous swimming,
especially in LQT1, and exposure to loud noises in LQT2 patients).

2. Beta-blockers are recommended for patients with a clinical diagnosis of LQTS

3. ICD implantation with the use of beta blockers is recommended for patients with a diagnosis
of LQTS who are survivors of a cardiac arrest