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Preface

Dear colleague,

With this comprehensive textbook on genetic aspects of cardiovascular disease for cli-
nicians, we aim to provide a tool for clinicians, which simply has not been available
before. Despite the fact that there is increasing awareness of genetic aspects of cardio-
vascular disease among both cardiologists and their patients, such a textbook has been
missing. There was a small booklet Cardiovascular Genetics for Clinicians, edited by
P.A.Doevendans and A.A.M. Wilde, published in 2001 by Kluwer Academic Publishers
(ISBN 1-4020-0097-9), nowadays largely outdated. But 2 years after the American
Heart Association Journals launched Circulation: Cardiovascular Genetics — a journal
entirely devoted to genetic aspects of cardiovascular disease, we felt the absence of a
comprehensive textbook for clinicians a serious omission. Of course, all medical and
genetic facts presented in this textbook can be found elsewhere in academic journals.
But as far as we know, this textbook is the first effort to compile the massive amount of
knowledge available in a single easy-to-read (which does not requiring prior expert
genetic knowledge) textbook with useful clinical handles for cardiologists.

In the Netherlands, over the last two decades, outclinics for cardiogenetic disor-
ders have been established in all academic teaching hospitals. In these outclinics,
cardiologists, clinical geneticists, molecular geneticists, genetic laboratories, genetic
nurses, and social workers closely cooperate in order to provide the most optimal care
for individuals, with cardiac disease with probable genetic cause, and their family
members. However, the prevalence of genetic cardiomyopathies and primary electri-
cal diseases is sufficiently high, that it is neither desirable nor possible that the care
for this group of patients and their relatives remains solely restricted to a small num-
ber of academic centres. Therefore, basic knowledge on the genetic aspects of these
types of disorders and on what to do with as yet asymptomatic at risk family members
should be considered to be a prerequisite for all practising cardiologists. In 2009, in
the Netherlands, a first, largely consensus-based guideline on surveillance in hyper-
trophic cardiomyopathy and how to go about screening of relatives of index patients
has been approved by the national professional organisations of both cardiologists
and clinical geneticists. If only one lesson could be learned from this guideline, it
would be that simply treating and surveilling your patient, whilst completely ignoring
the genetic aspects, is no longer considered adequate care.

Many cardiologists feel uncomfortable about this, as they have not been specifi-
cally trained in genetics let alone in explaining genetics to their patients; they fear
genetic discrimination and not completely without reason, which makes it even more
difficult to discuss the topic with their patients. Furthermore, they rightfully claim
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that they are not equipped to organize and conduct large-scale family studies. This
book is not suggesting that they should be, but we believe that basic knowledge on the
subject is a prerequisite for establishing useful collaborations and making the proper
referrals whenever appropriate. After all, sudden cardiac death, especially in a young
patient, is a very compelling phenotype, prompting a load of questions from relatives,
many of which concern a possible genetic predisposition. With the continuing
increase in genetic knowledge, and the expanding possibilities to prevent fatal
arrhythmias in those individuals at high risk, we may expect a steady rise in questions
regarding genetics from our patients and their relatives in the years to come. We sin-
cerely hope this textbook will prove a valuable tool in dealing with such questions.

As editors, we are greatly indebted to a long list of authors and advisors that
devoted their time and expertise to make this book possible.

March 2010 J.J. van der Smagt
Clinical Geneticist
On behalf of the editors
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Introduction to Molecular Genetics

M.M.A.M. Mannens and H.J.M. Smeets

1.1 Introduction

Genetic knowledge is being rapidly introduced into clin-
ical medicine. Knowledge on genes and gene defects,
gene expression, and gene products have been gathered
as a result of the human genome project and large-scale
resequencing projects at a rapid pace.'? The genetic
cause of the vast majority of important monogenic disor-
ders is nowadays known, and more rare disorders are
being unraveled quickly. Developments in genomics and
sequencing technologies enable molecular geneticists
with an accelerated and detailed characterization of
genetic defects, genetic predisposition, and/or genetic
background of individual patients. This also provides
extensive knowledge on the molecular pathophysiology.

The introduction of genetic tests for heritable car-
diac abnormalities is of a fairly recent nature. Disorders,
like hereditary cardiac arrhythmia syndromes or inher-
ited cardiomyopathies, have been genetically unrav-
eled in the last 2 decades, and research is ongoing to
improve DNA-diagnostics.>* Genetic testing offers
many opportunities, but also a considerable number of
risks and uncertainties. Therefore, introduction in the
clinic has to be performed with great care. Not every
test that can be done should be done. It is evident that
genetic testing must be beneficial for the patient and
his or her family. If he or she is affected, then the test
can be performed to confirm the diagnosis and in some
instances to predict prognosis and adjust treatment. It

M.M.A.M. Mannens (D<)

Department of Clinical Genetics, Academic Medical Center,
P.O. Box 22700 1100 DE, Amsterdam, The Netherlands
e-mail: m.a.mannens @amc.uva.nl

H.F. Baars et al. (eds.), Clinical Cardiogenetics,

is clear that such genetic tests affect not only the patient
involved, but also will be of concern to relatives and
future offspring. In asymptomatic relatives of patients,
it may be possible to determine their genetic status and
predict what the chances will be of developing symp-
toms in the years to follow. Especially this kind of pre-
dictive genetic testing is becoming more and more
important in the field of genetic cardiovascular dis-
eases, enabling the discrimination between carriers and
noncarriers of a specific genetic risk. It is obvious that
in this area of predictive medicine, ethical and social
(health insurance) aspects play important roles as well.
Therefore, these investigations should be embedded in
a multidisciplinary approach of cardiologists, clinical
geneticists, laboratory specialists and social workers,
psychologists, and ethicists. Society should define the
outlines, within which genetic testing should be per-
formed, preventing the social and economical discrimi-
nation of individuals based on their genetic burden.

1.1.1 DNA, What s It, Where Is It,
and How Are Proteins Made?

DNA (deoxyribonucleic acid) is an antiparallel dimer
of nucleic acid strands (Fig. 1.1a—c). It is composed of
nucleotides (base +deoxyribose + phosphate group).
These nucleotides are polymerized through a phophodi-
ester linkage. Base pairing of nucleotides are possible
between adenine (A) and thymine (T) or cytosine (C)
and guanine (G). CG bonds are stronger than AT bonds
because the CG base pairs form three hydrogen bonds
and the AT base pairs only two. The DNA double helix
structure was originally published by Watson and

DOI: 10.1007/978-1-84996-471-5_1, © Springer-Verlag London Limited 2011
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Crick and is composed of two strands wound around
each other in a helical structure and antiparallel, that is,
the strands run in opposite directions (53" versus
3'-5"). DNA does not form a perfect helix since the
sugar phosphate backbones are slightly offset from
the center of the helix. This creates major (relative
open) grooves and minor (relatively closed) grooves
(Fig. 1.1c). DNA in eukaryotic cells is located in the
nucleus. The mitochondria (mainly involved in the
energy supply for the cell) have multiple copies of
their own small circular DNA molecules. Since the
total DNA content in the human cell is about 2 m long
and the nucleus is about 6 x671° m, it is obvious that
DNA has to be packed very condensed. DNA is packed
in chromosomes, a complex of DNA and histone pro-
teins. The human cell has a diploid genome consisting
of 46 chromosomes, which means that all chromo-
somes are present in two copies (homologous pairs)
with the exception of the sex chromosomes, which can
be present as XX (female) or XY (male). During game-
togenesis (forming of oocyte or sperm cell), the chro-
mosomes become haploid (only one copy per cell) and
genetic material between both homologous chromo-
somes is exchanged (recombination Fig. 1.2). This
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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 nucleotides are polymerized through phophodiester link-
age. DNA is read from the 5’ to the 3’ end. (a) The four bases that
make-up the actual DNA code, Adenine always pairs with
Thymine with two hydrogen bonds and Cytosine always pairs
with Guanine using three hydrogen bonds()s. (b) Chemical struc-

means that genetic information (such as disease caus-
ing mutations) can switch from one chromosome to
the other homologue. This may sometimes be a prob-
lem in indirect DNA-diagnostics using markers in the
vicinity of the gene defect. Of course replication of
DNA is needed for cell division. A complex of enzymes
unwinds the DNA at many positions and replicates the
two strands of the DNA helix resulting in two copies
of the original DNA molecule. Since DNA molecules
are between 48,000,000 and 240,000,000 nucleotides
long, mistakes in replication are likely, leading to
potential mutations. The cell, however, has a number
of mechanisms (e.g., proofreading activity of enzymes,
mismatch repair, or excision repair) that correct such
replication errors. However, still one mismatch out of
10° nucleotides remains.

The genetic code lies in the genes in the DNA mol-
ecules. These genes code for the specific amino acid
sequence of proteins. Messenger RNA (mRNA) is
needed as an intermediate between DNA and the protein
since DNA is localized in the nucleus and proteins
are synthesized on ribosomes outside the nucleus.
Eukaryotic genes consist of coding sequences (exons),
noncoding sequences (introns), and regulatory sequences
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ture of DNA, showing the sugar backbone and the polymeriza-
tion through phosphodiester linkage, as DNA is read in 5’ to 3’
direction, the code of this stretch of DNA would read: GATC. (c)
DNA double helix istructure, the base pairs in the middle are
aligned around the helical axis. The major and minor grooves are
indicated. Adapted with permission from Jorde, Carey, Bamshad,
White, Medical Genetics third edition, Mosby Elsevier 2006
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Fig. 1.1 (continued)

(promoter sequence, enhancer, and repressor) that start,
enhance, or repress gene expression. Only 2% of the
DNA actually codes for the exons in approximately
20,000-25,000 human genes, 25% of the DNA codes
for introns. The remainder of the DNA is, for instance,
needed for regulation of gene expression, maintenance
of chromosomes, syntheses of rRNAs (ribosomal
RNAs) or tRNAs (transfer RNAs), or segregation of
chromosomes during cell division. Part of the genome
might be a coincidental result of evolution and might
not have any function at all, but new functions of DNA
sequences are still revealed. Recently, microRNAs have
been discovered that do not code for a protein but have
proven to be regulators of gene expression. Between
humans, the genetic variation is less than 0.1%.

The enzyme RNA polymerase can use a single-
stranded DNA molecule as a template and it copies the
genetic code in the genes in a single-stranded mRNA
molecule. The chemical structure of mRNA is similar
to DNA with the exception that ribose is used instead
of deoxyribose for the sugar backbone and that the
base uracil is used instead of thymine. During a pro-
cess called transcription, a pre-mRNA is (Fig. 1.3)
synthesized according to the DNA code. This pre-
mRNA consists of introns and exons. The introns are
removed by a process called splicing leading to a
smaller mRNA that contains only the genetic code for
a protein. Transcription is very efficient since some-
times many different mRNA’s encoding different pro-
teins can be synthesized from a single gene.

These mRNAs are transported from the nucleus to
the ribosomes in the cytosol. Ribosomes are cellular
complexes consisting of proteins and ribosomal RNAs
(rRNAS). In the ribosomes, the mRNA code is used as a
template to synthesize proteins (a process called trans-
lation) (Fig. 1.4). mRNA, ribosomes, transfer RNAs
(tRNA), and amino acids are the key components in this
process. tRNAs function as amino acid carriers and as
recognition molecules that identify the mRNA nucle-
otide sequence and translate that sequence into the
amino acid sequence of proteins. Each tRNA recog-
nizes one of the 20 specific amino acids (Table 1.1). A
second tRNA recognition site binds to a specific nucle-
otide triplet (a combination of three sequential nucle-
otides in the mRNA [called a codon] that encodes for a
specific amino acid, see Fig. 1.4). By repeating this pro-
cess for all codons and linking subsequent amino acids
to the previous one, the sequence of the genetic code is
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primary gamete after DNA replication, containing 46
replicated chromosomes, homologous recombination takes
place.
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Fig. 1.2 Meiosis: (a) demonstrates the normal stages of
meiosis(after division one the cell contains 23 replicated chromo-
somes-22 autosomes and 1 sex-chromosome). (b) Demonstrates
nondisjunction in meiosis 1(the most frequent cause of for
instance Down syndrome). (¢) Demonstrates nondisjunction in

translated into protein. Translation is also a very effi-
cient process since many ribosomes (polysome) trans-
late a single mRNA. Both transcription and translation
are initiated and terminated by specific sequences in the
genetic code.

Mutations are changes in the DNA that can lead to
disease. Mutations can occur due to chemical modifi-
cations such as smoking, UV light (sun), radioactivity,
and chemical instability of the DNA. Mutations can
also be the result of replication errors. The effect
can be a somatic nonhereditary disease (e.g., cancer)
or a hereditary disease (e.g., hereditary cancer or for
instance a hereditary cardiac condition), provided the
mutation is transmitted to the next generation because
the mutation is present in or has newly occurred in the
gametes. When a single nucleotide is changed (called
a point mutation) the effect may be alteration of the
amino acid code. Besides, such a mutation can affect a
regulatory sequence or lead to a premature stop codon.
Also one or more nucleotides can be deleted (called a
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deletion) or added (insertion). Deletions and insertions
of triplets of nucleotides within the reading frame will
delete or add the associated amino acids. As nucle-
otides are read in triplets (called a codon, each codon
coding for a specific amino acid) any deletion or inser-
tion that cannot be divided by three will lead to a dis-
turbance of the reading frame of the genetic code (and
will therefore cause a frameshift mutation). This leads
to a completely different protein (or more often to loss
of the protein), as sooner or later a premature stop
codon will be introduced. Mutations can cause a loss
of function or gain of (an abnormal) function of a pro-
tein. A 50% reduced dosage of a protein may not be
enough for normal function (this is called haploinsuf-
ficienty) and may thus cause disease. Some mutations
can have a dominant negative effect on protein func-
tion which means that the mutation leads to an altered
protein that interferes with the function of the wild
type (=normal) protein, which is produced from the
unmutated copy of the gene. Finally, some mutations
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Fig. 1.3 Visualizes the transcription of the DNA code into mes-
senger RNA. This messenger RNA contains both exons and
introns. It has to be processed, and the introns (nonprotein cod-
ing parts) of the gene have to be removed (a process called splic-
ing), before a mature messenger RNA leaves the nucleus to the
cytosol, where it will be translated into protein. Reprinted with
permission Jorde, Carey, Bamshad, White, Medical Genetics
third edition, Mosby Elsevier 2006

can be lethal leading to a nonviable embryo; such
mutations are always de novo, or the transmitting par-
ent has been rescued by the fact that the mutation is not
present in all of his or her cells (a situation that is called
mosaicism). Mutations can vary in size from one

ol Adenine
@@= Uroil

=ffill= Gucnine
<= Cylosine

Anticodan
of RNA

Fig. 1.4 Translation. The genetic code of the mRNA determines
the order in which tRNAs are recognized and thus the order of the
amino acids in the protein. The light gray oval structure depicts the
ribosome, where translation takes place and on which the proteins
are formed. Reprinted with permission Jorde, Carey, Bamshad,
White, Medical Genetics third edition, Mosby Elsevier 2006

nucleotide up to complete extra chromosomes (as for
instance in the case of Down’s syndrome). Especially
for small missense mutations only changing a single
amino acid in the protein, the effect of the mutation
may be difficult to predict. The location of such a
mutation in the protein will to a large extent determine
the effect of the mutation on protein function (e.g., is it
within an important domain of the protein or is the spe-
cific amino acid residue very conserved during evolu-
tion, an indication that it may be important for normal
function and that changing this residue may be not tol-
erated). Frameshift mutations at the extreme end of a
gene often are less devastating for instance because
only a small part of the protein is altered. In addition, a
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Table 1.1 key to the genetic code

T C

T TTT F CTT L
TTC L CTC L
TTA S CTA L
TTG L CTG L

C TCT S CCT P
TCC S cce P
TCA S CCA P
TCG S CCG P

A TAT Y CAT H
TAC Y CAC H
TAA X CAA Q
TAG X CAG Q

G TGT C CGT R
TGC @ CGC R
TGA X CGA R
TGG W CGG R

A G

ATT I GTT v
ATC I GTC v
ATA 1 GTA v
ATG M GTG v
ACT T GCT A
ATT T GCC A
ATA T GCA A
ACG T GCG A
AAT N GAT D
AAC N GAC D
AAA K GAA E
AAG K GAG E
AGT S GGT G
AGC S GGC G
AGA R GGA G
AGG R GGG G

Top row depicts the first base of each codon at the DNA level (at the RNA level thymine T is replaced by uracil U

The most left column shows the second base of each codon. Amino acids are indicated by their single letter codes(three-letter codes
are also often used): A alanine(ala), C cysteine(cys), D aspartic acid (asp), E glutamic acid (glu), F phenylalanine(phe), G glycine
(gly), H histidine (his), / isoleucine (ile), K Lysine (lys), L Leucine(leu), M Methionine (met), N asparagine (asn), P proline (pro),Q
glutamine (gln), R arginine (arg), S serine (ser), 7 threonine (thr), V valine (val), W tryptophan (try), Y tyrosine (tyr), X stop codon
As you can see in the table each amino acid can be coded by different codons

kind of quality control mechanism called nonsense
mediated messenger —RNA decay largely prevents the
expression of truncated erroneous proteins.

1.1.1.1 Genotyping in Mendelian
and Non-Mendelian Disorders

Genetic diseases can be divided in Mendelian and non-
Mendelian diseases.” The first group is caused by
defects in autosomal or X-chromosomal genes that
have a dominant or recessive manifestation. In case of
a dominant disorder (Fig. 1.5), the disease will already
become manifest if only one allele (one of both copies
of a gene) is affected. In case of recessive segregation,
both homologous alleles must be affected to develop
the disease. Dominant and recessive are no absolute
terms. Some carriers of dominant mutations remain
healthy, which is called non-penetrance.® This can be
disease, age- and sex-dependent. A penetrance of
90% means that 90% of the mutation carriers of a
specific gene defect will be affected (at a defined age).
Moreover, manifestations of genetic disease often vary
among mutation carriers even within a single family.

This is called variable expression, probably caused by
other genetic and environmental factors. One has to
realize that not every disease case within a single fam-
ily has to have a genetic cause. Nongenetic cases
mimicking genetic disease are called phenocopies,
and this can be a problem especially in disorders with
a commonly occurring environmentally induced coun-
terpart, like for instance left ventricular hypertrophy
due to untreated hypertension in a family with hyper-
trophic cardiomyopathy caused by a sarcomere gene
mutation.

Sometimes mutations in the same gene can lead to
different disorders, as do for instance mutations in the
SCNS5A gene involved in Long QT syndrome type 3,
Brugada syndrome, or isolated conduction defects.””
Some specific neuromuscular disorders, like myotonic
dystrophy (in which about 30% of patients die from
cardiac arrythmias), become more severe in subse-
quent generations. This phenomenon is called antici-
pation and the molecular basis is an unstable stretch of
small DNA repeats, which in most cases increase in
size when transmitted to the next generation.’ The size
of the unstable DNA fragment is in general related to
disease severity and age of onset.
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Carriers of recessive disorders are usually without
symptoms, thus including most females in X-linked
recessive disorders. However, in some disorders it is
possible to identify them by biochemical testing,
reduced enzymatic activity, or by expression of mini-
mal signs (for instance as a marginally increased
QT-interval in carriers of the recessive Jervell-Lange-
Nielsen syndrome mutations [Jervell-Lange-Nielsen
syndrome is a combination of long QT syndromes and
deafness]). Finally, some disorders, like inherited can-
cers can be dominant at the family level and recessive at
the gene level. In that case a mutation in a specific gene
segregates in the family but a second hit, destroying the
other wild-type (=normal) allele of the gene, has to
occur in order for disease to arise. If the chance of this
second hit occurring is very high, than a dominant seg-
regation pattern will be observed. For these reasons
terms like dominant and recessive segregation should
be carefully defined. This also applies to X-chromosomal
diseases, which are predominantly expressed in males,
because males only have one X-chromosome, whereas
females have two. Dominant and recessive are terms
describing genetic diseases and not genes or mutations
themselves. For mutations in a specific gene, both dom-
inant and recessive disease can occur, either leading to
the same or a different phenotype. Single gene muta-
tions in the KCNQI1 gene lead to dominant Romano-
Ward syndrome, whereas mutations affecting both
copies of the same gene cause the recessive Jervell-
Lange-Nielsen syndrome.'” The latter may also result
from mutations in the KCNE1 gene, demonstrating the
genetic heterogeneity of this disorder. Often the nomen-
clature and classification of genetic disorders have to be
adjusted at the moment the genes causing the disorders
have been identified.

In addition to Mendelian inheritance, other segrega-
tion patterns exist for monogenic disorders. Some dis-
eases show a maternal segregation pattern and are
caused by defects in the mitochondrial DNA, which is,
for example, the case for a number of isolated or rare
syndromic dilated or hypertrophic cardiomyopathies.'!
On rare occasions gene defects only become manifest
when transmitted by either the mother or the father.
This phenomenon is called genomic imprinting' and
results from the fact that for a limited number of genes
only the paternal or maternal copy is expressed. A
defect in such an imprinted gene will only be detected,
if the mutation is present in the active (expressed)
allele of the gene. When looking at phenomena like

reduced penetrance and variable expression, it is
immediately clear that clinical manifestation of mono-
genic disorders is not constant within families. No
clear discrimination between monogenic disorders
with one major gene defect and modifying factors, and
complex genetic disorders with more than one minor
gene defects and contributing environmental factors,
exists. Polygenic diseases are caused by more than one
gene, which often contribute in a quantitative manner
to the clinical manifestations and are considered risk
factors, as the manifestations may vary, depending on
the genetic background. Complex genetic disorders are
polygenic disorders, which can often be influenced by
the environment to a relatively large extent. These dis-
orders are much more frequent than monogenic disor-
ders and the role of the environment is often stronger,
which means that a disease-state does not always have
a major genetic cause.” The underlying genetic risk
factors can be identified in large-scale population stud-
ies in which common genetic variants (frequency > 1%)
are being tested across the entire genome (whole
genome association (WGA) studies) for being more or
less frequent in the patient population compared to a
matched control population. These variants can be the
functional causative factor or they can be merely mark-
ers that such a contributing factor is located in their
immediate vicinity. The success of these studies largely
depends on the size and composition of the population
and the number of genetic factors involved. If the size of
the population is too small, the number of genetic fac-
tors too large, and the effect of the genetic factor too
small, then it is unlikely that any meaningful association
can be found. However, many loci and factors are cur-
rently being identified, which usually have only a small
to moderate effect on the manifestation of the complex
genetic disorder. This implies that these factors may
allow for the identification of the underlying pathophys-
iological processes, but by themselves only have a lim-
ited value in predicting the risk of developing the
disorder under investigation in a specific individual.
Apart from these common variants, it is anticipated that
many different, rare variants in candidate genes can also
explain part of the genetic risk of complex diseases.
These cannot be assessed by WGA, but possibly by
sequencing all or large numbers of candidate genes or
complete exomes (all exons in the genome), using mas-
sive parallel or next-generation sequencing approaches.
These rare variants contributing to complex genetic
diseases will be found in the near future.
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1.1.1.2 Genetic Heterogeneity
of Monogenic Disorders

Diseases like familial hypertrophic cardiomyopathy or
congenital Long QT syndrome are genetically hetero-
geneous monogenic disorders. The diseases are caused
by single gene defects in patients, but defects in a large
number of different genes can lead to the same or very
similar disease and the severity of clinical manifesta-
tion may depend on additional mutations in other genes
and/or environmental factors. Familial hypertrophic
cardiomyopathy is mainly a disease of the cardiac sar-
comere and many mutations in many sarcomeric genes
have been detected in patients.*'* At this point, a com-
plete screening of all sarcomere genes would be tech-
nically possible, but very difficult to implement in a
routine diagnostic setting. It is also not necessary for
those families in which hypertrophy can be clearly
demonstrated and progression of disease is relatively
benign. However, testing can be essential in those fami-
lies in which sudden cardiac death (SCD) occurs, espe-
cially in those cases where hypertrophy is mild, and
individuals at risk for dangerous arrhythmias may not
be so easy to detect by nongenetic means. At this
moment candidate genes are routinely analyzed sequen-
tially, which is laborious and time-consuming, but the
pace of technical developments in this field will allow
for more optimal diagnostic strategies in the near future,
making analysis of a large number of involved genes in
parallel feasible. Such protocols will become available
to diagnostic laboratories in the years to come, and can
be considered a first step toward the personal genome
(see also section alternative technologies).

When no good phenotypic selection criteria for
which genes to test first exist, the frequency with which
causative mutations in the different genes are found
can be used to establish a mutation screening strategy,
starting with the most commonly mutated gene. For
familial hypertrophic cardiomyopathy, one generally
starts with the beta-MHC gene (MYH7) (£35% of the
mutations), followed by the myosin binding protein-
gene (MYBPC3) (£15%) and the Troponin T gene
(TNNT2) (£3-5%). A bias exists in these percentages
as some genes have been more frequently screened in
patients than others. Moreover, these percentages can
be different in different populations. For instance in
the Netherlands a single mutation in the myosin bind-
ing protein gene accounts for almost 25% of hypertro-
phic cardiomyopathy families. It should be stressed

that the chances of rapidly identifying a mutation in a
patient increases if many affected family members are
available for testing, and genetic markers can be used
to identify the locus involved (many candidate loci can
then be easily excluded using polymorphic genetic
markers). In some families it is also possible to per-
form DNA-diagnostics, if the underlying genetic defect
is not located in any of the known genes. A prerequi-
site is that the size of the family is such that segrega-
tion of the disorder with a specific locus can be proven
with high likelihood (as a general rule of thumb one
would need >10 patients with unambiguous genetic
status consenting to participate in case of an autosomal
dominant disorder). It should be noted that careful
clinical examination is a prerequisite as any false diag-
nosis will lead to a wrong conclusion with respect to
the gene or genetic locus involved. Also carriers of the
mutation that are not yet expressing the disease as a
result of their young age may confuse such a genetic
undertaking. The combination of clinical and genetic
data can not only be of use in care for individual
patients and their families, but is also important for
extending the knowledge on the disease (frequency of
non-penetrant carriers, number of de novo (=new or spon-
taneous) mutations), and for instance for the development
of clinical selection criteria for the gene involved, like
in the congenital Long QT syndrome, and for establishing
a more exact genotype-based prognosis. Genotype—
phenotype correlations are important for counseling
but as long as not all contributing factors to the pheno-
type are known such knowledge should be used with
great care in individual cases. Congenital Long QT
syndrome is most often caused by mutations in cardiac
potassium or sodium channel genes.*'> Based on gen-
otype—phenotype correlations, it is possible to select
the most likely gene involved using clinical informa-
tion such as the trigger of cardiac events (physical
stress and diving as a trigger for arrythmia point to the
KCNQI1 gene and acoustic stimuli to KCNH2 gene).
The characteristic repolarization pattern on the ECG
also gives information on which gene is most likely to
be involved.'® The identification of the causative muta-
tion has to confirm this. This is specifically important,
because for these disorders gene-specific prophylactic
therapies exists and can save lives, if carriers are iden-
tified early. It can be expected that gene-specific ther-
apy may evolve to mutation specific therapy in the
future. Genetic testing can provide for these disorders
a clear contribution to patient management, either by
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directing therapy/follow-up or to give advice concern-
ing lifestyle. This may be very important for asymp-
tomatic carriers, who can only be identified by
screening family members at risk for the gene defect
(either by cardiac screening or genetic screening, once
the family specific mutation has been established).

The discovery of genes and (possible) pathogenic
mutations in a genetic disorder does not solve all diag-
nostic or prognostic problems. Mutation carriers and
segregation patterns can be determined with great cer-
tainty, but in case of unique mutations, or DNA variants
with an unclear pathogenic significance (not every
unknown DNA change is a disease-causing mutation. It
may also be a rare polymorphism with no influence on
protein function whatsoever). Especially, when such an
unknown variant is detected in a small family, where the
segregation of the variant cannot be compared to segre-
gation of the disease, it can be impossible to give an
accurate risk estimate for the development of clinical
features for a person that carries the uncertain genetic
variant. It should be stressed that it is quite damaging to
over-interpret such an unknown variant and mistake it
for a real mutation. On the one hand, carriers of the vari-
ant may be unnecessarily frightened and surveyed, while
on the other hand the real causative mutation may remain
undetected. Relatives not carrying the variant may be
released from surveillance, based on inaccurate genetic
findings. It should also be noted that in clinical practice
the finding, of such an unclassified variant (UV) or even
a genetic risk factor of small effect size, may trigger a
direct request from clinicians or family members to per-
form genetic testing in relatives, at a moment in time
that the clinical implications of the genetic findings still
have to be determined, which of course is an undesirable
situation. Therefore, the importance of close coopera-
tion between organ specialists (cardiologists) and genetic
specialists cannot easily be overrated. In all predictive
genetic testing the patient should be informed and guided
through the process by a multidisciplinary team of
experts in the field of cardiogenetics to determine what
is in his or her best interest. Although DNA-diagnostics
are becoming available for an increasing number of car-
diovascular disorders, this does not mean that in all cases
a molecular diagnosis can be achieved. To improve the
success rate, a good collaboration between the labora-
tory and the referring cardiologist and clinical geneticist
is necessary. Often, the clinical data such as the patients’
history or an ECG can be extremely helpful to identify
the most likely causative gene.

1.1.1.3 DNA-Diagnostics: Basic Strategies

DNA-tests are usually performed on DNA isolated
from blood. As long as only DNA-analysis is per-
formed specific tissues are not required (genes do not
have to be expressed in order to be analyzed). An
exception should be made for mitochondrial DNA
mutations, which can vary in mutation load between
tissues. DNA-isolation is not very critical and EDTA
or Heparin blood samples can be kept at room tem-
perature for several days without interfering with the
analysis. If RNA-analysis is required or immortalized
cell lines need to be prepared for gene expression or
protein studies, then the blood needs to be delivered
within a single day at the DNA-laboratory. Recently,
specific tubes have been developed, which stabilize the
RNA and enable more standard logistics.
DNA-diagnostics falls apart in strategies to identify
already known family specific mutations and strategies
to screen for unknown genes or mutations. The identi-
fication of an already identified mutation in a specific
family is straightforward and can be completed within
days, which is a big advantage for predictive testing.
Dependent on the specific mutation, either polymerase
chain reaction (PCR) or Southern blot technology can
be applied.’ In most cases, the amplification by PCR of
the DNA fragment to be investigated (genes, exons) is
required. For PCR, two synthetic oligonucleotides
(small single-stranded DNA fragments called prim-
ers), are added to single-stranded DNA. These primers
flank the DNA fragment that has to be analyzed. Each
primer hybridizes to one of the DNA strands and serves
as a starting point for the synthesis of new DNA by the
enzyme Taq DNA-polymerase (Taq stands for Thermus
aquaticus, the bacteria from which it was isolated).
After the first round of amplification, the DNA is dena-
tured again and the next round of amplification follows
(Fig. 1.6). After about 20-30 rounds of amplification,
the DNA fragment to be analyzed has increased a mil-
lion fold and can be visualized by gel electrophoresis
and ethidium bromide staining. The PCR fragments
can be analyzed for the specific mutations by a variety
of techniques, such as Direct Sequencing, allele-
specific oligonucleotides (ASO), allele-specific primer
extension (APEX), oligonucleotide ligation assay
(OLA), and mutation-specific restriction digestion."’
For large rearrangements, deletions, or duplications in
genes, Southern blot analysis is usually performed.
DNA can be size separated directly on a gel after being
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cut by restriction enzymes. Numerous enzymes are
available that cut at specific places in the DNA, gener-
ating DNA fragments of various sizes. These size-sep-
arated DNA fragments can be transferred to a
membrane to which the DNA is bound. The relevant
DNA fragments on this membrane can be visualized
by hybridizing the membrane to labeled (radioactive or
fluorescent) DNA fragments of the genes/exons that
are investigated (see Fig. 1.7b). An alternative can be
long-range PCR, by which fragments of more than
10 kb can be achieved (Fig. 1.7a). Multiplex ligation-
dependent probe amplification (MLPA),a quantitative
PCR based technology, is another option.'s

In case the genetic defect in an affected family is
unknown, then basically two strategies could be
applied in DNA-diagnostics to identify the causative
genetic locus or defect.

1. When a limited number of candidate genes is asso-
ciated with the phenotype, these candidates can be
analyzed sequentially (prioritized based on clinical
information or genetic epidemiology). Of course, it
is important that an index patient that is most cer-
tainly affected is available for this analysis. If the
number of candidates is still quite large and if mul-
tiple affected individuals are available within the
family, it can be helpful to do a risk haplotype anal-
ysis (haplotype =a stretch of DNA on a single chro-
mosome as defined by the alleles of a set of linked
genetic markers that are usually inherited together,

»
>

Fig. 1.6 Tllustration of the polymerase chain reaction (PCR).
This reaction is used in order to amplify a specific stretch of DNA
(usually an exon or part of an exon of a disease gene) by several
million folds. The reaction requires the presence of patient/sub-
ject DNA, two primers (called forward and reverse primer), a
thermally stable form of the enzyme DNA polymerase, and a
large quantity of free DNA nucleotides. These primers are oligo-
nucleotides (15-20 bases in length) that are designed so that they
are complementary to the sequences immediately flanking the
region that has to be amplified. During the first step patient DNA
is heated to denature the DNA (so that it becomes single stranded).
Then the mixture is cooled down, allowing the primers to anneal
to the appropriate sequences. In the third step the mixture is
heated again to intermediate temperature, to allow for DNA rep-
lication in 5'>3'direction (as a result of the added DNA poly-
merase).This process is called primer extension. After 1 cycle the
copy number of the region of interest has doubled. This happens
during each cycle (i.e., 2, 4, 8, 16, 32 copies ...), hence the name
chain reaction. Typically, the cycles are repeated 20-30 times.
Reprinted with permission Jorde, Carey, Bamshad, White,
Medical Genetics third edition, Mosby Elsevier 2006

2.

thus without recombination). Polymorphic markers
associated with the various candidate loci are tested
in all affected individuals, only a locus with shared
polymorphic marker alleles in all affected individu-
als remains a plausible candidate locus for the phe-
notype in this family. Subsequently, the candidate
gene at the shared locus is analyzed in more detail.
Whenever the gene and locus are entirely unknown
(no plausible candidates available) and a large
and very well-phenotyped family is available with
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Fig. 1.7 (a) Gel electropho-
resis of a long-segment PCR
fragment containing exons
6-11 of the LDL gene. In
lane 2, a 2.5 kb deletion
containing exons 7 and 8 is
visible (asterisk). (b)
Autoradiograph of the same
2.5 kb deletion (lane 2,
asterisk) as analyzed by
Southern blotting and
hybridization with a
radioactive probe
containing exons 2—11

multiple affected persons (=10 individuals with
unambiguous genetic status in case of autosomal
dominant disease), a genome wide linkage analysis
could be performed (actually this is more of a
research project than routine DNA-diagnostics).
The segregation of the disease in the family is com-
pared to the segregation of a panel of polymorphic
markers covering the whole genome and usually it
will be possible to identify a set of closely linked
marker alleles that are inherited by all affected indi-
viduals and not by the unaffected individuals (as in
Fig. 1.5).It can then be assumed that the gene har-
boring the causative mutation is somewhere in the
immediate vicinity of these linked markers. When
the odds of the observed segregation occurring as a
result of actual linkage as opposed to chance are
1,000:1, this is usually taken as evidence for link-
age. At this point a locus has become known, that
must contain the causative mutated gene. However,
the identified region may still be quite large and
may contain a large number of possible candidate
genes, which would have to be analyzed one by one
to finally find the culprit in this specific family.
Instead, once the responsible locus has been identi-
fied without doubt, the risk allele can be followed
with closely linked, preferably disease locus flank-
ing, polymorphic DNA markers (microsatellites,
Single Nucleotide Polymorphisms (SNPs)) that can
identify the two homologous chromosome loci.
Without knowing the actual defect (gene mutation),
now a prediction can be made about the mutation
carrier status of an individual based on the marker
haplotype (established in the linkage analysis). In
most cases, the accuracy will be >>95%.

If the family is too small, which is most often the
case in clinical practice nowadays, linkage analysis is
no option. In addition, meiotic crossover events (natu-
rally occurring exchange of DNA between homolo-
gous chromosomes during gametogenesis) and lack of
informativity of the polymorphic markers used can
obstruct linkage analysis. Risk haplotype analysis for
known disease loci as described above can usually be
rapidly performed. In case of recessive diseases and
(distant) consanguinity, homozygosity mapping can be
applied. In such an analysis, the gene defect is sup-
posed to be identical in both copies of the gene in a
patient and located in a region in which all marker
alleles are identical (homozygous). Although homozy-
gosity mapping has been very successful in finding
disease genes for autosomal recessive disorders, it is a
tool which is restricted to only a limited part of clinical
DNA diagnostics.

To avoid problems associated with linkage analysis,
mutation screening of known disease genes or functional
candidate genes is preferred in most cases. This can be
costly and time-consuming, dependent on the size and
number of potential, sequentially analyzed candidate
genes. The coding and, wherever applicable, regulatory
sequences are scanned in patient DNA and compared to
the known, un-mutated (wild-type) sequence. The tech-
nology used is usually PCR-based and involves either
sequencing or gene scanning (see below), followed by
sequencing of a specific part of the gene in case of an
aberration. Many methods, all with specific advantages
and disadvantages to quickly scan through a gene exist.
Apart from HPLC, mass spectrometry, and high-resolu-
tion melting curve analysis, most of this scanning tech-
nology (SSCP, DGGE, PCR or Southern blotting) is
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based on electrophoresis. In electrophoresis DNA frag-
ments are separated on a gel where the mutant fragment
shows an aberrant mobility through the gel. To identify
large gene rearrangements, duplications, or deletions,
Southern blot analysis is applied. Such mutations will be
missed if nonquantitative PCR-based strategies are used.
MLPA is a quantitative PCR-based technology that is
frequently used to identify large intragenic deletions, for
instance deletion of an entire exon. Currently, high-den-
sity SNP-assays are filling the gap between large dele-
tions (>3*10° basepairs), which can be visualized by
cytogenetic techniques, and the small deletions in genes,
which are detected by the quantitative PCR techniques
or Southern blot assays as mentioned above. This implies
that theoretically any kind of copy number variation
(deletion or duplication) is now detectable using molec-
ular technology.

Besides huge advantages, also pitfalls existin DNA-
diagnostics. Identification of a sequence variant does
not always mean that this variant is causative for the
disease. Apart from obvious mutations such as dele-
tions, frameshifts, and premature stops, there are many
DNA-variants (polymorphisms) in the general popula-
tion that are not pathogenic. In most cases, mutations
leading to single amino acid changes need to be further
investigated to rule out the possibility of a sequence
polymorphism with no functional significance whatso-
ever. Population studies have to be performed in appro-
priate controls and functional analyses would also be
desired, but one should realize that this is often not
possible in a diagnostic setting. Literature and muta-
tion database searches are necessary and the position
of a mutation within important domains of a gene or
conservation of the altered amino acid throughout evo-
lution can provide some evidence that the variant is
indeed a deleterious mutation, although this type of
evidence usually does not provide absolute certainty. It
can also be helpful to demonstrate cosegregation of the
variant with the disorder in a family (provided that the
family is cooperative and large enough to draw conclu-
sions from). Lack of cosegregation of a variant with
the disease is very strong evidence against it being the
causal mutation, and this can sometimes be proven
even if the family is quite small. Besides, since the
mutation frequency of individual genes is extremely
low, the demonstration that the variant is absent in the
DNA of both healthy parents and thus must have
occurred de novo, is considered convincing evidence
in favor of it being a real mutation The other way
round, if the variant is present in one of the healthy

parents, this cannot be automatically considered as
proof of it being a harmless variant. The parent having
the variant, may be an as yet non-penetrant carrier of a
deleterious mutation, therefore this type of evidence
has to be weighted carefully (what age does the parent
have and what investigations have been performed in
order to rule out minimal manifestations of the disease
in the parent?). Finally, one should realize that it is vir-
tually impossible to exclude the involvement of a spe-
cific gene, based on the fact that no mutations have been
found. This is due to the fact that causative mutations
can be present in noncoding regions (introns or inter-
genic regulating regions), which are not and cannot be
fully included in the current diagnostic approaches.

1.1.1.4 Indirect DNA-Diagnostics: Linkage
Analysis and Risk Haplotype Analysis

With polymorphic DNA markers a disease locus can
be followed within a family (see Fig. 1.5).>" In this
way, the carrier status of a patient can be determined
indirectly once a locus for the gene harboring the caus-
ative mutation has been established. If a polymorphic
marker is close to the disease locus (1-5 cM) (cM
stands for centi morgan, which is a measure of genetic
distance. If two loci are 1 cM apart, the chance that a
crossover will occur between the two loci during meio-
sis is 1%) the marker will segregate in the vast major-
ity of cases with the disease locus as the occurrence of
chromosomal crossover events between the marker
and the actual mutation during meiosis is unlikely
(1-5%). If such markers on both sides of the mutation
are available, the chance of double crossovers that
would lead to false interpretation of the test is even
smaller (1-5% x 1-5% = 1/10,000-25/10,000), whereas
single crossovers that make the test impossible to inter-
pret will be easily detected with flanking markers. The
polymorphic markers are often PCR fragments or large
numbers of SNPs that, due to the variations in DNA,
differ in length or sequence and can be separated with
electrophoresis or alternative techniques. In general,
risk haplotype analyses can only be used in cases
where the disease locus and carrier status of at least
two individuals within the family are known. For
genome wide linkage analyses (completely unknown
locus) the family has to be large enough (=10 individu-
als with unambiguous genetic status in case of auto-
somal dominant disease to exclude segregation of a
marker with the disease locus by chance). Computer
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analyses are necessary but linkage of a marker with a
disease locus is considered to be proven if the chance
of linkage as compared to chance segregation is
1,000:1. Linkage is excluded at odds of chance to link-
age of 100:1. These likelihoods are given in logarithms
or LOD scores (log of the odds). A lod score of 3
means a chance of 1,000 to 1 odds for linkage as com-
pared to chance. Lod scores of 3 can only be achieved
in large families (roughly more than ten informative
meioses, i.e., heterozygotes for whom the segregation
of the homologous chromosomes in relation to the dis-
ease can be determined). This means that the genetic
status of at least 11 individuals should be known with-
out doubt. Smaller families are often studied to give an
indication of the gene involved or exclude genes not
involved, but conclusive DNA-diagnosis by linkage is
not possible in such smaller families. Figure 1.5 gives
an example of a linkage study. Polymorphic markers
are numbered according to their length. The “black
bar” combination of polymorphic markers (haplotype)
is segregating with the disease locus, a combination of
LQT3 and “Brugada” syndrome segregating within a
single family. These markers on chromosome 3 segre-
gate with the disease giving a lod score of 6.5. Analysis
of the relevant gene (a sodium channel SCN5A)
revealed a three nucleotide insertion (TGA) at position
5537, causing the disease.

1.1.1.5 Direct DNA-Diagnostics:
Screening for Small Mutations

Sanger Sequencing

The sequence of a particular DNA fragment can be
determined by using a primer sequence (short oligo-
nucleotide complementary to a small DNA fragment
adjacent to the DNA fragment to be sequenced).’ Using
this primer as a starting point, the sequence of a single-
stranded DNA fragment can be artificially copied by
an enzyme called DNA-polymerase and the addition
of the chemical components of DNA (the nucleotides
adenine, cytosine, thymine, and guanine). The newly
synthesized strands are chemically modified by the
addition of small amounts of dideoxynucleotides that
are labeled with fluorochromes or radioactive isotopes.
The dideoxynucleotides represent all four existing
nucleotides (A, T, C, or G) that are added in four dis-
tinct reactions or are labeled differently so they can be

recognized as such. Incorporation of a dideoxynucle-
otide stops the synthesis of DNA. This occurs ran-
domly, but with a predetermined frequency. Addition
of modified adenine for instance reveals the position of
all adenines in the genetic code by creating partially
synthesized DNA fragments that stop at all positions
of adinine. By doing so with all four modified nucle-
otides and by size separating fragments with a resolu-
tion of one nucleotide by high voltage electrophoresis,
the genetic code can be read simply by determining the
length of the all fragments. The nucleotide present in a
particular fragment comes before that of a longer frag-
ment. Figure 1.8 shows an example of such a sequence
reaction. The procedure is nowadays fully automated
and the dideoxynucleotides are labeled with fluoro-
chromes of four different colors. For capillary sequenc-
ers, the separated fragments are detected with laser
technology (colored peaks). By comparing the known
sequence with the sequence in patients, a mutation can
be found. Although the sequencing is fully automated,
the quality control of the sequence and comparison to
the wild type (normal) sequence is not completely
automated; therefore, sequencing an entire gene for
mutations is still quite laborious. In the case shown
(Fig. 1.8), a DNA mutation was found leading to a
change from amino acid glutamine to a stop at position
356. The result is an incomplete nonfunctional ion
channel protein (KCNQ1) that causes the long QT
syndrome type 1 (Romano-Ward syndrome) in this
patient.

Gene Scanning Methods: Alternatives
to Sequencing Entire Candidate Genes

As an alternative to the laborious sequencing of entire
genes many clinical laboratories use a gene scanning
method to quickly go through a gene for possible aber-
rations; subsequently they only sequence those parts of
the gene that demonstrated an abnormal pattern using
the scanning technique. Many different techniques
exist, each with their pros and cons, and differing sen-
sitivity and specificity. Most of these techniques are
either based on the fact that most mutations will cause
a conformational change of the single-stranded DNA
and therefore altered characteristics at gel electropho-
resis (SSCP single-stranded conformation polymor-
phism), or on the difference in stability between
heteroduplexes and homoduplexes (DGGE denaturing
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p. GIn356x

b

Fig. 1.8 Sequence analysis. A DNA heterozygous C to T muta-
tion was found at position 1066, leading to a change from a
codon (CAG) for amino acid glutamine at position 356 in the
protein to a stop codon (TAG) at position 356. The result is an

gradient gel electrophoresis, DHPLC denaturing high-
performance liquid chromatography, HRMC high res-
olution melting curve analysis).

These latter methods detect DNA consisting of mis-
matched mutant and wild-type DNA strands.® These
so-called heteroduplexes are less stable than homodu-
plexes (consisting of either two mutated or two wild
type strands)and can be, respectively, detected by an
altered melting profile, using denaturing agents and
HPLC, saturating dyes and heating or denaturing
agents and electrophoresis. The methods are relatively
easy to perform and detect up to 100% of mutations.
These approaches are illustrated by an example of
DGGE (Fig. 1.9). In this technique, the DNA is dena-
tured (made single stranded) and then allowed to rean-
neal (become double stranded again), in case of a
heterozygous mutation different types of molecules
will be formed: homoduplexes when two wild type
(normal strands) reanneal or when two mutated strands
reanneal, and heteroduplexes when a wild type strand
reanneals with a mutated strand.

The newly formed double-stranded DNA molecules
demonstrate changes in electrophoretic mobility on a
gel with a gradient of denaturing agents. Because of
the mutation, DNA fragments will melt at different
positions in the denaturing gel and thus get stuck at
different positions (Fig. 1.9). Formally, these tech-
niques have been designed to detect heterozygous
mutations as heteroduplexes are easiest to identify, but
often homoduplexes consisting of two mutated strands
show a pattern that can also be discerned from the

incomplete nonfunctional ion channel protein (KCNQI) that
causes the long QT syndrome type 1 (Romano-Ward syndrome)
in this patient

wild-type homoduplex (see Fig. 1.9), thus allowing for
the detection of homozygous mutations. Figure 1.9b.
shows a N543H heterozygous mutation in the LDL
receptor gene causing familial hypercholesterolemia
compared to control DNA. The aberrant homo- and
heteroduplexes are clearly visible.

An alternative technology to DGGE is denaturing
high-performance liquid chromatography (DHPLC)."
In contrast to DGGE, DHPLC uses chromatography
instead of electrophoresis to detect aberrant DNA frag-
ments such as insertions, deletions, and also single base
substitutions. The sensitivity of the technology is com-
parable to sequencing, although a sequence reaction
will still be needed to determine the actual sequence
change. The detection level of DHPLC is even higher
than in sequencing (1% of a mutation in a pool of wild
type (=normal) molecules is detectable®). This may be
of importance when looking for mosaic mutations that
are present in only a fraction of the cells.

New Technologies Emerging on the Horizon

Many alternatives techniques exist or emerge that fall
outside the scope of this book. Most promising are
those techniques that allow screening of multiple genes
in parallel for each patient, allowing a more rapid iden-
tification of the underlying gene defect, especially for
those genes in which mutations are rarely found, and
yielding a more complete picture of all mutations and
variants involved. This is of importance for both
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Fig. 1.9 The left-hand part shows a theoretical DGGE analysis.
Mutants are seen in lane 3 and 6, revealing homo- and heterodu-
plexes (heteroduplexes indicated with<and mutated homodu-
plexes indicated with *). The heteroduplexes are less stable as a
result of the mismatch so they denature more easily and get stuck
higher in the gel at a lower concentration of denaturing agents
than the homoduplexes. Besides heteroduplexes, both gels show
an abnormal homoduplex different from the homoduplex present

diagnostics and prognostics. Mass spectrometry is an
example that can be used to quickly screen large num-
bers of samples for known mutations. By using microar-
ray or DNA-microchip approaches the entire sequence
of multiple genes can be rebuilt by overlapping oligo-
nucleotides and the hybridization pattern of the DNA
of the patient resolves its sequence rapidly.>' Next gen-
eration sequencing (also called massive parallel
sequencing) will enable us to screen multiple genes in
multiple patients in one short experiment (400—-600 Mb
per run). Both approaches still require prior amplifica-
tion or capture of the candidate genes involved for
which a variety of enrichment strategies are available.
So far these non-PCR-based enrichment strategies
have not reach the required coverage for diagnostic
applications. However, developments in sequencing
technology proceed in a very rapid pace and it can be
expected that within 3-5 years a complete human
genome can be determined within a week for less than
$1,000 without any prior handling or enrichment.
However, in general practice, many of these techniques
are not yet or only just available or applicable. They
have been successful in research, but they have to be
validated for diagnostic purposes. These approaches
will yield massive numbers of data and variants in

in the loaded controls, corresponding to the homoduplex formed
by two mutated strands. The right-hand part shows a N543H
heterozygous mutation in the LDL receptor gene (lane 2) causing
familial hypercholesterolemia compared to control DNA (lane 1
and 3). The aberrant homo- and heteroduplexes are clearly visi-
ble on this DGGE gel. (*Reprinted with permission Jorde, Carey,
Bamshad, White, Medical Genetics third edition, Mosby Elsevier
2006)

patients, which have to be filtered and broken down to
the pathological variants, which are responsible for or
involved in the disease manifestations. It will require a
major effort from bioinformatics and functional
approaches to cope with and interpret these huge
amounts of sequence variants. ICT solutions are
required to deal with the immense data sets generated
by these technologies.

In case of quantitative differences, like deletions and
duplications, real-time PCR or MLPA has been proven
very valuable since these techniques can provide infor-
mation on gene (or chromosome) copy number within
hours. Sometimes, analyses at the RNA or protein level
are necessary to predict the result of a DNA chance or
as alternative in cases where no DNA alteration can be
found. A major breakthrough is also expected in the
field of copy number variations from the microarray
or DNA-microchip and next generation sequencing
approaches mentioned above. These technologies can
be used to screen the complete sequence of multiple
genes for small mutations or to analyse large numbers
of clones (cDNA or genomic clones) for major rear-
rangements. In a different application oligonucleotide
clones are attached on the array and the expression
level of those genes can be determined in RNA samples
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from normal or affected tissue.”? Specific expression
profiles may exist for specific gene defects or patho-
genic states, allowing a refined characterization of the
underlying genetic cause or disease state in the patient.
As the microarray and next generation sequencing
technology approach can also be used to determine
large numbers of risk factors, it is clear that the time
where a more complete knowledge of genetic defects
and predisposition of patients emerge is nearby. It is,
however, also clear that interpreting this information
and explaining it to patients will be the major bottle-
neck in the years to come. It will be important to focus
on relevant information and established knowledge in
health care. Scientists, clinicians, and society will have
to collaborate closely to make the genomic revolution a
success, and that will be of benefit to mankind.

References

1. International Human Genome Consortium. Initial sequencing
and analysis of the human genome. Nature. 2001;409:
860-921.

2. Venter JC, Adams MD, Myers EM, et al. The sequence of
the human genome. Science. 2001;291:1304-1351.

3. Van Langen IM, Hofman N, Wilde AAM. Family and popu-
lation strategies for screening and counselling of inherited
cardiac arrhythmias. Ann Med. 2004;36(Suppl 1):116-124.

4. Morita H, Seidman J, Seidman CE. Genetic causes of human
heart failure. J Clin Invest. 2005;115:518-526.

5. Strachan T, Read AP. Human Molecular Genetics. 2nd ed.
Oxford: Bios Scientific Publishers; 1999.

6. Priori SG, Napolitano C, Schwartz PJ. Low penetrance in the
Long-QT syndrome. Clinical impact. Circulation. 1999;99:
529-533.

7. Priori SG. Long QT and Brugada syndromes: from genetics
to clinical management. J Cardiovasc Electrophysiol. 2000;
11:1174-1178.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Bezzina C, Veldkamp MW, Van den Berg MP, et al. A single

Na* channel mutation causing both long-QT and Brugada
syndromes. Circ Res. 1999;85:1206-1213.

. Bezzina CR, Rook MB, Wilde AAM. Cardiac sodium chan-

nel and inherited arrhythmia syndromes. Cardiovasc Res.
2001;49:257-271.

Neyroud N, Tesson F, Denjoy I, et al. A novel mutation in
the potassium channel gene KVLQT1 causes the Jervell and
Lange-Nielsen cardioauditory syndrome. Nat Genet. 1997;
15:186-189.

Towbin JA, Lipshultz SE. Genetics of neonatal cardiomyo-
pathy. Curr Opin Cardiol. 1999;14:250-262.

Reik W, Walter J. Genomic imprinting: parental influence on
the genome. Nat Rev Genet. 2001;2:21-32.

Haines JI, Pericak-Vance MA, eds. Approaches to Gene
Mapping in Complex Human Diseases. New York: Wiley-
Liss; 1998.

Bonne G, Carrier L, Richard P, Hainque B, Schwartz K.
Familial hypertrophic cardiomyopathy. From mutations to
functional defects. Circ Res. 1998;83:580-593.

Nicol RL, Frey N, Olson EN. From the sarcomere to the
nucleus: role of genetics and signaling in structural heart dis-
ease. Annu Rev Genomics Hum Genet. 2000;01:179-223.
Wilde AAM, Roden DM. Predicting the long-QT genotype
from clinical data. From sense to science. Circulation.
2000;102:2796-2798.

Hawkins JR. Finding Mutations, the Basics. Oxford: Oxford
University Press; 1997.

DeCoo IFM, Gussinklo T, Arts PJW, van Oost BA, Smeets
HIM. A PCR test for progressive external ophthalmoplegia
and Kearns-Sayre syndrome on DNA from blood samples.
J Neur Sci. 1997;149:37-40.

Underhill PA, Jin L, Lin AA, et al. Detection of numerous Y
chromosome biallelic polymorphisms by denaturing high-
performance liquid chromatography. Genome Res. 1997;
10:996-1005.

van den Bosch BJC, de Coo RFM, Scholte HR, et al.
Mutation analysis of the entire mitochondrial genome using
denaturing high performance liquid chromatography. Nucl
Acids Res. 2000;28:€89-96.

Lipshutz RJ, Fodor SPA, Gingeras TR, Lockhart DJ. High
density synthetic oligonucleotide arrays. Nat Genet. 1992;
1(Suppl):20-25.

Young RA. Biomedical discovery with DNA arrays. Cell.
2000;102:9-15.



Clinical Genetics

J.J. van der Smagt, Peter J. van Tintelen,
and Carlo L.M. Marcelis

2.1 Introduction

Clinical geneticists are medical doctors that combine
general knowledge of medicine with specific expertise in
genetics, genetic diagnosis, and genetic aspects of dis-
ease. They are specifically trained in communicating the
implications of genetic information and genetic disease
to patients and their families. In addition, they are trained
in syndrome diagnosis and clinical dysmorphology.

In some countries, clinical genetics has evolved as a
recognized medical specialty, whereas in other coun-
tries genetic services are provided by traditional spe-
cialists with specific additional training in genetics.
Usually, only university hospitals and sometimes large
regional hospitals have departments of clinical genet-
ics. This centralized approach may limit access to
genetic services, but facilitates the availability of staff
and resources that are necessary for conducting family
investigations, that are usually beyond the scope of the
individual medical specialist. By working on a consul-
tant basis in different hospitals and by employing
trained genetic nurses for specific tasks, clinical genet-
icists try to optimize access to genetic services.

With the very rapid advances in genetic knowledge,
and more specifically genetic knowledge of human
disease, many physicians will not find the time to keep
up with the pace. Even though new generations of doc-
tors are much better trained, both in genetics and in
quickly acquiring adequate information from (internet)
databases, cooperation between “organ specialists”

J.J. van der Smagt (D<)

University Medical Centre Utrecht,
Heidelberglaan 100,

3584 CX Utrecht,The Netherlands
e-mail: j.j.vandersmagt @umcutrecht.nl

H.F. Baars et al. (eds.), Clinical Cardiogenetics,

and “genetic specialists” seems to be the best option
for the near future. Importantly, many genetic diseases
are relatively 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 ques-
tions of both patients and their families, and eventually
in interpreting the often complex genetic test results.
Over the last one and a half decade, genetics has
become increasingly important to the field of cardiol-
ogy." 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
for not only rare monogenic disorders such as different
types of cardiomyopathy, congenital long QT syn-
dromes, and catecholaminergic polymorphic ventricu-
lar tachycardia, but also for more common complex
disorders such as cardiovascular disease, hypertension,
and diabetes. In the latter group of disorders many dif-
ferent additive genetic and environmental contributions,
each of relatively small effect size, are hypothesized to
be causing the disease. Important progress has been
made in understanding the molecular background pre-
disposing 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, for example, a congenital heart defect) to
include the assessment of risk of genetic disease, occur-
ring 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
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it has become an increasingly important tool in identi-
fying 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 preven-
tive treatment strategiesmay be devised, based on
genetic information.

Cardiology is a third discipline of medicine where
large-scale so-called presymptomatic testing of healthy
at risk individuals has become available for some of the
primary electric heart diseases and cardiomyopathies.
An important driving force behind this development is
the “sudden cardiac death phenotype,” motivating both
families and their treating cardiologists to undertake
steps to identify individuals at increased risk of life-
threatening arrhythmias at an early stage. Although for
most disease entities family studies have not yet actually
been proven to be beneficial, identifying those individu-
als at risk seems a logical first step in the development of
preventive strategies. However, genetics of cardiac dis-
ease may be complicated, for example, by genetic het-
erogeneity (different genetic causes result in clinically
identical disease) and the fact that test results may be dif-
ficult to interpret. Cooperation between cardiologists and
clinical geneticists is, therefore, of great importance.

In this chapter basic concepts in genetics and impor-
tant issues that have to be considered in case of genetic
testing are discussed.

2.1.1 The Clinical Genetic Intake

For those cardiologists involved in caring for families
with genetic cardiac disorders it is important to gain
some experience in constructing pedigrees and record-
ing family histories.

2.1.1.1 Family History

History taking will be more time-consuming than usual
as, besides the regular cardiac anamnesis, detailed infor-
mation on several family members has to be obtained.’
Usually, information on three (sometimes four) genera-
tions is considered sufficient. Whenever possible, infor-
mation should be collected on first degree relatives
(parents, siblings, and children), second degree relatives
(grandparents, uncles/aunts, and nephews/nieces), and
third degree relatives (first cousins). 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 symp-
toms 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 gen-
eral, accuracy decreases with the decreasing degree of
relationship. As a general rule it is wise to confirm impor-
tant 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
specific as possible. People may leave out vital infor-
mation 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 swim-
ming accidents in case of suspected long QT syndrome
type 1. It is useful to keep in mind that syncope result-
ing from arrhythmias may in the past have been diag-
nosed as seizures or epilepsy.

If family members are under cardiac surveillance
elsewhere 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 disorder under investi-
gation it may also be important to inquire about medi-
cal conditions not specifically involving the heart. For
example, when investigating a family with possible
autosomal dominant dilated cardiomyopathy, it would
be prudent to also ask for signs of skeletal muscle dis-
ease in family members.

2.1.2 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
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O O  Male/ female unaffected
<> Sex unknown

B @ Male/ female affected
)Zr Deceased
O O Marriage
=0 Consanguineous marriage
I © Heterozygote carrier of autosomal reccesive disease

® X-linked female carrier

m Affected by hearsay

] Proband: the person though whom the family is ascertained
”

Fig. 2.1 Symbols used to denote individuals in a pedigree

structure and asses the possible inheritance patterns.*>
In addition, a drawn pedigree 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 pedigree construction are
represented in Fig.2.1.

Nowadays, different software packages exist for
pedigree construction. These packages have the advan-
tage that it is easier to update pedigrees and that pedi-
grees can be more easily added to other digital medical
files. Frequently, the software also offers options that
are valuable for doing 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):

» 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.

* Add a date to your pedigree.

* 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 individual can be identified unam-
biguously 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).

* Record approximate dates (e.g., birth year, or 5-year
interval), not ages. Add age at time of death.

* Especially in case of a suspected autosomal reces-
sive disorder, names and places of birth of all grand-

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

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 pedi-
gree could be: III-1 index patient (27-10-2000), syncope while
playing soccer, spontaneous recovery, QTc 0.48 s, repolarization
pattern compatible with 1QT type I. I-1: no medical information,
died in unilateral car accident at age 32. II-1: (02-3-1975), no
symptoms, QTc 0,49 sec. II-2 (10-5-1977) known with seizures as
a child. II-4: (13-6-1979)said to have fainted during exercise more
than one occasion. III-4 sudden death, while swimming at age
12yrs. No other persons known with seizures ,syncope or sudden
death known in the family

parents of the index patient should be recorded
(usually in a footnote). Consanguinity is unlikely
when paternal and maternal grandparents come
from very different areas. If birthdates are also
available this could facilitate genealogical studies
in search of consanguinity.

* 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.

e For counseling reasons add information on both
sides of the family. Unexpected additional pathol-
ogy may be of importance to your patient and his or
her offspring.

2.1.3 Basic Concepts in Inherited Disease

A single copy of the human genome contains over
three billion base pairs and is estimated to contain
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20,000-25,000 protein coding genes.* 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,
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 remain-
der codes for RNA-genes, contains regulatory sequences,
or consists of DNA of undetermined function, some-
times misleadingly 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 auto-
somes and one 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,
one copy 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 specific 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, the latter from the father. Thus, males have
only a single copy of most X-linked genes. In addition
to the nuclear DNA, small circular 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 mito-
chondrial function.
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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
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2.1.4 Mitosis and Meiosis

Two types of cell divisions exist: mitosis and meiosis.
Mitosis ensures the equal distribution of the 46 chro-
mosomes over both daughter cells. In order to accom-
plish 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 centromere. To ensure
orderly division, the DNA in the chromosome has to be
neatly packaged (a process called condensation). This
is when chromosomes actually become 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 mem-
brane dissolves and microtubular structures develop

reaching from both poles of the spindle to the centrom-
ere of each chromosome. Subsequently, the centrom-
eres divide and the sister chromatids are pulled to
opposite poles of the dividing cell. Cell division results
in two daughter cells, each with 46 unreplicated chro-
mosomes and exactly the same nuclear genetic infor-
mation as the original cell (Fig. 2.4)

Meiosis is a specialized cell division that is neces-
sary 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 more or less
random process is called homologous recombination.

Centrioles ) Nucleus
2 Nuclear
= envelope
\._.F Plasma
_} membrane
Interphase /\ Cytoplasm
1
Bipolar
spindle fiber

Daughter Cells

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

ar/.

first melotlc division

first meiotic division

)'a

flrst meiotic d|V|S|on
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mature gamete each contalnlng 23
unreplicated chromosomes

mature gametes
containing 24
unreplicated

A chromosomes B

Fig. 2.5 Meiosis: (a) demonstrates the normal stages of meiosis
(after division one the cell contains 23 replicated chromosomes
— 22 autosomes and 1 sex-chromosome). (b) Demonstrates non-
disjunction in meiosis 1 (the most frequent cause of for instance
Down syndrome). (¢) Demonstrates nondisjunction in meiosis 2.

Recombination ensures that each individual is able to
produce an infinite number of genetically different off-
spring. Apart from ensuring genetic diversity, recom-
bination is also necessary for proper segregation of the
homologous chromosomes during meiosis I. During
male meiosis the X and Y are able to function as a
chromosome pair, thus ensuring proper segregation of
sex chromosomes. They can recombine at the tip of
their short arms.

2.1.4.1 Chromosomal Abnormalities

Mutations may affect single genes, but also the genomic
architecture at a larger scale can be affected. Such
aberrations, when visible through a microscope, are
called chromosomal abnormalities. Humans have 22

mature gametes
containing 22
unreplicated
chromosomes C

22 22

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)

pairs of autosomes and one pair of sex chromosomes.
Abnormalities can be divided in numerical (any devia-
tion from 46 chromosomes) and structural defects
(abnormal chromosomes). A whole set of 23 extra
chromosomes is called triploidy. It results from fertil-
ization or meiotic error. Children with triploidy die
before or immediately after birth. A single extra chro-
mosome is called a trisomy. They most often result
from meiotic error. Only three autosomal trisomies are
potentially viable: trisomy 21 (Down syndrome), tri-
somy 18, and trisomy 13. All three have a high chance
of being associated with heart defects.

In structural chromosome abnormalities, a distinc-
tion 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 rearrangements are most often not
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associated with an abnormal phenotype, but they may
predispose to unbalanced offspring. Unbalanced chro-
mosome abnormalities have a very high risk of being
associated with mental retardation and birth defects.
As heart development is a very complex process, prob-
ably involving hundreds of genes, chances are that this
process will be disturbed in one way or another in case
of a visible chromosomal abnormality. Indeed, heart
defects are very frequent in children with structural
chromosomal abnormalities.

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 associated 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 chro-
mosome abnormality or a microdeletion is involved,
the resulting heart defect will not occur as an isolated
feature. Often associated birth defects, developmental
delay and/or abnormal growth will be present.
Therefore, it is in this category of heart defect patients
with additional anomalies that a chromosome abnor-
mality has to be considered.

In contrast to mutation analysis, chromosome anal-
ysis requires dividing cells for the chromosomes to
become visible through a microscope. Usually, white
blood cells or cultured fibroblasts are used for chromo-
some analysis.

2.1.4.2 Inheritance Patterns

A genetic component plays a role in many diseases.
Usually the genetic contribution to disease is appreci-
ated when either a clear pattern of inheritance or sig-
nificant familial clustering of a disease is noted.’
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 diseases display

considerable variation in disease manifestation, severity,
and age at onset (clinical variability), even within a sin-
gle family (where every affected person has the same
mutation). Especially in autosomal dominant disease,
the chance of developing clinical manifestations of dis-
ease when a specific pathogenic mutation is present is
often far less than 100% (incomplete or reduced pene-
trance). 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 non-
genetic factors can usually modify clinical outcome.

Whereas monogenic diseases are often relatively
rare, there is a clear genetic contribution to many com-
mon disorders such as coronary artery disease, hyper-
tension, and hypercholesterolemia. In the vast majority
of patients, these diseases are explained by the com-
bined additive effect of unfavorable genetic variants
at multiple different loci and environmental factors
(anything nongenetic), eventually causing disease.
Polygenic disease, multifactorial disease, and com-
plex 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 inheri-
tance pattern. Very common complex disorders may
mimic autosomal dominant disease, whereas in less
common disorders like, for example, congenital heart
defects, a genetic contribution is very likely although
the majority of cases will present as sporadic cases
without a positive family history. Importantly, frequent
complex genetic diseases may have less common
monogenic subtypes. FH (familial hypercholester-
olemia) as a result of mutations in the LDL receptor or
MODY (maturity onset diabetes in the young), are
examples of monogenic subtypes of diseases that most
often have a complex etiology.

2.1.5 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 specifically on the X-chromosome
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(the Y-chromosome contains very few disease-related
genes and will not be discussed further).

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

2.1.5.1 Autosomal Dominant Inheritance

Autosomal dominant disease is caused by dominant
mutations on one of the autosomes. Dominant muta-
tions already cause disease when only one of both
alleles is mutated. Most individuals with dominant dis-
ease 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 common
form of inheritance in monogenic cardiac disease. It is
characterized by (see Fig. 2.6):

* Equal chance of males and females to be affected.

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

 Father-to-son transmission can occur

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

" ~
1 2 3 4
1]
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 the novo mutation must have occurred in II-1

Although this inheritance pattern is rather straightfor-
ward, in practice precise predictions are often compli-
cated by issues of penetrance and variable expression
(see paragraph on penetrance and variable expressivity).

2.1.5.2 Autosomal Recessive Inheritance

In recessive inheritance disease occurs only when both
alleles of the same gene are mutated.

Affected patients carry mutations on both the pater-
nal and maternal allele of a disease gene. New muta-
tions 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 “carriers.” It is reasonable to assume that
each person is carrier of one or more disease-associ-
ated autosomal recessive mutations.

Affected patients can be homozygous (the same
mutation on both alleles of the gene) or compound
heterozygous (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.

In most cases, but not always autosomal recessive
conditions are limited to a single sibship (see Fig. 2.7).
If vertical transmission of an autosomal recessive
disease occurs this is called “pseudodominance.” Pseudo-
dominance can be encountered in case of consanguinity
inmultiple generations 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.

» Parents of patients are usually healthy carriers.

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

* Affected individuals are usually limited to a single
sibship.

* The presence of consanguinity in the parents favors,
but does not prove, the autosomal recessive inheri-
tance mode.

2.1.5.3 X-Linked Recessive Inheritance

X-linked disorders are caused by mutations on the
X-chromosome. The X-chromosome does not contain
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Fig. 2.7 Example of an autosomal recessive pedigree, illustrat-
ing the role of consanguinity in AR disease.lII-5 and I1I-6 are first
cousins. IV-1 and IV-2 inherited both their mutated alleles from a
single heterozygous grandparent (in this case I-1). In this pedi-
gree heterozygous carriers are indicated, usually heterozygous
carriers for AR disorders can only be unambiguously identified
by DNA analysis

“female specific’ genes. As females have two
X-chromosomes and males only one, in X-linked dis-
orders, usually, a difference in disease expression will
be noted between males and females.

In X-linked recessive inheritance (see Fig. 2.8):

* No male to male transmission occurs.

* Heterozygous females are healthy.

* All daughters of affected males will be healthy
carriers.

* 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
inactivated. 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, approx-
imately 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
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Fig. 2.8 Example of an X-linked recessive disorder, the disease
is transmitted via apparently healthy heterozygous females, only
hemizygous males manifest the disease. All daughters of an
affected male will be carriers. Carrier females are indicated with
dots within circles, usually DNA analysis will be required to
unambiguosly identify carrier females

reasons, significant deviations of this equal distribu-
tion of active X-chromosomes may occur (called skew-
ing of X-inactivation). Naturally, this may influence
disease expression 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 a female like it
does in males.

2.1.5.4 X-Linked Dominant Inheritance

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

Some X-linked dominant disorders may be lethal in
hemizygous males like, for instance, the Oculo-Facio-
Cardio-Dental syndrome that is associated with con-
genital heart defects. Hemizygous males will miscarry,
leading to a reduced chance of male offspring in
affected females.

The characteristics of X-linked dominant inheri-
tance are (see Fig. 2.9):

* No male-to-male transmission occurs.

e 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.
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Fig. 2.9 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 pedigree represent miscarriages. Based on such
a limited pedigree, definite distinction from autosomal dominant
inheritance would be impossible

Especially in X-linked disorders the distinction
between dominant and recessive disease may be
blurred, with some heterozygous females being not
affected at all, whilst others are affected to the same
degree as hemizygous men. In cardiogenetics several
X-linked disorders are known where heterozygous
females may be asymptomatic, but also run a high risk
of significant disease, like for instance in Fabry dis-
ease. 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 dilation of the left ven-
tricle and should be monitored by a cardiologist.

2.1.6 Non-Mendelian Inheritance

In fact, any deviation from the classical rules of Mendel
could be categorized under the heading of non-Mende-
lian inheritance. Such deviations can, for example,
result from genome disorders (de novo deletions or
duplications of larger 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 unsta-
ble mutations (trinucleotide repeat mutations such as
in myotonic dystrophy, that may expand over genera-
tions and lead to a more severe phenotype in subse-
quent generations). However, for sake of brevity only
multifactorial inheritance and maternal (mitochon-
drial) inheritance will be briefly discussed.

2.1.6.1 Multifactorial Inheritance

Although genetic factors very often contribute to dis-
ease, most of the time this will not be in a monogenic
fashion. The majority of disorders are caused by a
complex interplay of multiple unfavorable genetic
variants at different loci in combination with environ-
mental (nongenetic factors). The genetic variants
involved may each by themselves have a limited effect.
It is the additive effect of multiple factors that eventu-
ally will lead to disease, hence the name multifactorial
inheritance. In this paragraph no distinction is made
between multifactorial inheritance and polygenic
inheritance (no important environmental 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 inher-
ited factors to a multifactorial phenotype. In animal
studies heritability can be calculated, as both environ-
ment and genetic composition of the animals can be
controlled. In man hereditability 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 clustering may mimic Mendelian
inheritance. However, in more rare disorders like, for
example, in congenital heart disease, an identified
patient may well be the only affected one in the family.
Still, family members will be at increased risk of a
congenital heart defect.

Many continuous traits like, for example, blood
pressure, can be explained in terms of the additive
effect of multiple deleterious or protective genetic and
environmental factors. In case of hypertension the sum
of all these factors would be defined as disease liabil-
ity, which is distributed as a Gaussian curve in the
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population. At the right side of the curve (highest
liability) those with hypertension are found. Their
close relatives who will share many of the predispos-
ing genetic (and possibly also environmental factors)
with the hypertensive patient, will usually have a
higher than average disease liability; however, they
may not meet with the clinical criteria for hyperten-
sion. For discontinuous traits like, for example, con-
genital heart defects, a threshold model has been
proposed (Fig. 2.10). If disease susceptibility exceeds
the threshold level disease will arise. Again, the liabil-
ity 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 anatomi-
cally 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
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Fig. 2.10 Example of a liability distribution of a discontinuous
multifactorial trait (a congenital heart defect) in a given popula-
tion. 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 determined by the addi-
tive effect of unfavorable genetic and environmental 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 to the general population, whereas the major-
ity of relatives has no CHD, as their liability does not exceed the
threshold

gene is present, little else has to go wrong for disease
tooccur. Therefore, strict separation between Mendelian
and multifactorial disease is artificial. Indeed, genes
that are involved in rare monogenetic variants of a dis-
ease may also play a role in the more common multi-
factorial forms of the disease.

The following characteristics can be applied to mul-
tifactorial 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.

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

* Risk estimations are usually based on empirical
(observational) 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 predictive genetic test-
ing 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, supplying risk
profiles for many common conditions, based on genetic
profiles, are readily available via the internet. Such risk
predictions are imprecise and differ substantially
between different test providers.

Although exceptions may exist, predictive genetic
testing 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 role in clinical practice in the near future,
for example, in risk stratification, and in identifying
groups that are eligible for specific treatments.

2.1.6.2 Maternal (Mitochondrial) Inheritance

Mitochondria are present in most cells in different
numbers, and are the principle providers of energy by
means of the respiratory chain. Mitochondria contain
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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 mito-
chondrial genes play a role in mitochondrial transla-
tion (transfer RNA’s and ribosomal RNA’s).

Somatic cells typically contain 1000—10,000 mtDNA
molecules (two to ten molecules per mitochondrion).
Mitochondrial DNA-replication is under nuclear con-
trol 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 ran-
domly segregate to daughter cells within the cyto-
plasm. Oocytes may contain up to 100,000 copies of
mtDNA, whereas sperm cells usually contain 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 con-
cept 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 mutation, whereas the remain-
der of the copies is normal (wild type). This phenom-
enon 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 mole-
cules in a specific tissue, 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 muta-
tion 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 subse-
quently 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 tissues with the highest energy requirements
(muscle, brain) are most often involved. Cardiac
muscle may be involved in different mitochondrial
conditions. Sometimes a cardiomyopathy may be the
first or most prominent manifestation of a mutation in
the mtDNA.

The following characteristics apply to maternal
inheritance

* Men and women are affected with similar frequen-
cies, however only females transmit the disease to
offspring.

* Phenotypes may be extremely variable (and unpre-
dictable) as a result of different levels of hetero-
plasmy in different tissues.

e The percentage of mutated mtDNA in one specific
tissue may not accurately predict the level of het-
eroplasmy 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.

2.1.7 New (De Novo) Mutations

Mutations can occur at any time both during gameto-
genesis or regular cell-division. If a detected mutation
is present in neither of the parents (that is, if it is absent
in the blood of both parents) the mutation is called
“de novo.” De novo mutations 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.
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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 immedi-
ate effect, whereas new mutations in important domi-
nant genes may be lethal, and may therefore not be
ascertained.

2.1.8 Mosaicism

When mutations (or chromosomal abnormalities)
arise shortly after conception, mosaicism may result.
Mosaicism is defined as the presence of genetically
different cell populations (usually an abnormal and a
normal cell line) within a single individual. The impor-
tance 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 tissues. As a result of germline mosaicism a
healthy (apparently noncarrier) parent may unexpect-
edly transmit a disease mutation to several offspring.
The classic observation of germline mosaicism is in
Duchenne muscular dystrophy, where apparently non-
carrier females may give birth to more than one
affected son with exactly the same dystrophin muta-
tion. However, germline mosaicism may occur in any
disorder including cardiac disorders and, therefore, it
should be considered a possibility in any apparently
de novo mutational event.

2.1.9 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 dystrophin mutation will cause Duchenne
muscular dystrophy in all hemizygous males. However,
especially in autosomal dominant disease, penetrance
is often reduced; for example, not everybody with the

mutation actually becomes ill. Whether or not disease
symptoms develop may be dependent on a constella-
tion of other genetic (genetic background) or environ-
mental factors, such as lifestyle. Disease penetrance is
not necessarily identical to having actual clinical
complaints. Especially in cardiogenetics, many clini-
cally asymptomatic individuals with, for example, a
cardiomyopathy or long QT syndrome may have eas-
ily noticeable abnormalities on ECG or echocardiog-
raphy. Such individuals may not realize their genetic
status, but they cannot be regarded as true non-pene-
trants. Usually, they should be under cardiac surveil-
lance and often preventive treatment will be indicated.
Penetrance, in this way, is to some extent dependent
on how well individuals have been examined for dis-
ease symptoms. If true non-penetrance occurs, genetic
diagnosis may be the only means to identify individu-
als that may transmit the disease to their offspring.
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 arrhyth-
mia in case of a KCNQI mutation in long QT syn-
drome type 1.

In congenital heart disease penetrance is fixed, as
the disease is either present or not. In diseases that
manifest themselves later in life this is not true. For
instance, in an autosomal dominant inherited cardio-
myopathy 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 manifesta-
tions. 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 pen-
etrance 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 indi-
viduals 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 manifestations may be the principle
determinant of the disease.



34

J.J.van der Smagt et al.

2.2 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 specific genotype and vice versa. In an era where
presymptomatic 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 legiti-
macy to genetic testing, especially if early intervention
would change disease course. Indeed, there have been
claims that, for example, hypertrophic cardiomyopathy
caused by mutations in the gene encoding cardiac
Troponin T (TNNT2) has a higher potential for malig-
nant arrhythmias than mutations in some other genes.*’
Also within a given gene, some mutations may have a
stronger pathogenic effect than others.

Without doubt significant genotype—phenotype cor-
relations do exist, but it is prudent to regard such claims
with caution, as some of them may also be the result of
selection 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
disease 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—phenotype correlations, the role of genetic
information in cardiac risk stratification protocols has
been limited thus far.

The reverse situation needs also to be considered.
Clinical information on history and clinical data such as,
for example, T-wave morphology in patients suspected
of having a form of long QT syndrome is very helpful in
selecting the genes that should be analyzed first.® In the
long QT syndromes genotype—phenotype correlations
can be used in practice: clinical parameters suggest 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.

2.3 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 thatis contained within this group. Populations
are not only delimited by geographical boundaries
such as borders, rivers, mountains, islands, but also by
religious, ethnic, and cultural differences.

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

2.3.1 Hardy-Weinberg Equilibrium

The Hardy-Weinberg equilibrium predicts that the
relative frequency of different genotypes at a locus
within a population remains the same over generations.
For an autosomal gene G with two alleles A and a with
an allele frequency of p and g, respectively, the possi-
ble genotypes AA, Aa, and aa will occur with a fre-
quency of p?%, 2pq, and g*. As there are only two alleles
for G, p+q=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 genotypes, no new mutations occur in G, and
there is no migration introducing G alleles into, or remov-
ing G alleles from the population. Clearly no situation in
real life will ever satisfy all these criteria.

The Hardy—Weinberg equilibrium is a neutral equi-
librium. Small deviations from the expected genotype
frequencies occur by chance (genetic drift) and over
multiple generations a significant difference in geno-
type frequency (when compared to the original equi-
librium) may become apparent. There is no driving
force correcting such chance deviations. As a matter of
fact a new Hardy—Weinberg equilibrium 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 pressure is low, as
selection works only against the homozygous affected.
Therefore, in autosomal recessive disorders, the
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Hardy—Weinberg equilibrium can be used to calcu-
late carrier frequencies for recessive disorders if the
frequency of the disorder in the population (q?) is
known. Because of the limitations mentioned above,
such calculations have to be regarded as estimates
and interpreted with caution.

2.3.2 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 diseased individuals are less likely
to reproduce, they also disappear again from the gene
pool. Therefore, the equilibrium that predicts the fre-
quency of disease alleles is a function of the mutation
rate, the reproductive fitness, and the mode of inheri-
tance of the disease.

The easiest example is a severe congenital heart
defect as a result of a new autosomal dominant muta-
tion. If this heart defect is lethal, reproductive fitness is
nil, and the population frequency of the mutated auto-
somal dominant gene would be identical to the muta-
tion frequency. In, for example, long QT syndrome
type 1, most mutation carriers, however, will repro-
duce, but reproductive fitness is somewhat reduced as
a result of some affected individuals dying from
arrhythmias at a young age.’ 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, moving 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 equilibrium with a higher population
frequency of the mutated allele will be established.

2.4 Founder Mutations

If a population descends from a relatively limited num-
ber 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 dis-
ease 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
eliminated from the gene pool.

For example, in the Netherlands over 20% of hyper-
trophic cardiomyopathy is caused by a single
¢.2373_2374insG mutation in the MYBPC3 gene.!® 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 different haplotypes.

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

2.5 Geneticlsolates

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 virtually
absent. Therefore, it may be important to realize
whether or not a specific patient comes from a genetic
isolate.

2.5.1 Consanguinity

Consanguineous marriages are very common in some
cultures and unusual in others.!" Marriages between
first cousins are most frequent. They share 12.5% of
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their DNA, derived from their common ancestor. In
some cultures uncles are allowed to marry their nieces.
Such second degree relatives share 25% of their DNA.
This situation, from a genetic point of view, is no dif-
ferent 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 eco-
nomical advantages, especially in low-income societ-
ies. However, the genetic risks cannot be ignored, but
they are highly dependent on the degree of relationship.
The problem with consanguinity arises from the reduc-
tion to homozygosity in offspring of consanguineous
parents. If both parents carry the same recessive muta-
tion in their shared DNA, there is a 25% risk of the
mutation being homozygous in each child. Therefore,
consanguinity mainly increases the likelihood of auto-
somal recessive disease. The chance that a recessive
disorder 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 catecholaminergic polymorphic
ventricular tachycardia (CPVT) as a result of an auto-
somal recessive mutation in the CASQ2 gene has only
been found in consanguineous families.? In addition,
one also has to be aware of the fact that autosomal dom-
inantly inherited disease may also run in consanguine-
ous families. If offspring has inherited both affected
alleles, the clinical picture is often severe and lethal at
an early age. Examples have been found long QT syn-
drome and hypertrophic cardiomyopathy.'> '

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

In multifactorial disease consanguinity may play a
role as well, although less conspicuous than in auto-
somal recessive disease. Shared predisposing genetic
variants, present in heterozygous 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 volun-
teered and should be specifically asked for. Sometimes
consanguinity 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 may be used
to substantiate this.

2.5.2 Genetic Testing

Any test to identify a genetic disease can be considered
a genetic test. Genetic testing using DNA analysis is
available for an increasing number of cardiac diseases
and conditions 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 implications that last a life time,
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 (future) family mem-
bers. The family and not the individual patient could
be regarded as the “diagnostic unit” in genetic disease.
As aresult of these notions DNA testing is, and should
only be offered as part of a genetic counseling proce-
dure in order to assure that patients fully understand
the scope of the tests that are being performed. This is
especially true for monogenic disease and tests for
very high risk genes.

2.5.3 Genetic Counseling

Genetic counseling is a two-way communication pro-
cess aiming at helping patients with genetic disease or
at (perceived) increased risk of genetic disease, and
their relatives, to understand the genetic risk and decide
on a suitable course of action.'> Genetic counseling is
offered by trained medical or paramedical profession-
als. Its goals are:

* To help patients and their family members compre-
hend medical facts (diagnosis, symptoms, compli-
cations, course, variation, and management)

e To help patients and their family members under-
stand the basic facts of the genetic contribution to
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their disorder, where this is relevant for communi-
cating risks to specific family members and recur-
rence risks in (future) children

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

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

Support counselees in making the best possible
adjustment to their disease condition or to their
increased risk of genetic disease

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

Parents who have a child with a congenital heart
defect, a syndrome that has important cardiovascular
implications, or other cardiac disease. They want to
be informed about prognosis, recurrence risk to other
children, and the possibility of prenatal diagnosis.
Patients that have a cardiac defect or cardiac dis-
ease themselves and have questions about genetic
aspects and prognosis. They may also be concerned
about risk to family members, most often (future)
children and/or sibs.

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

In the counseling process different stages can be
discerned:

Diagnostic phase. For meaningful genetic counsel-
ing, the genetic diagnosis has to be as precise as
possible. As we are considering conditions that
often run in families, medical information from
other affected family members is necessary to
arrive at the correct family diagnosis. In addition to
a history, family history, physical examination, and
cardiac investigations it may therefore be neces-
sary to collect medical records or pathology reports
of relatives of the counselee. If genetic testing has

previously been performed in the family, it is vital
that this information is retrieved.

e Informative counseling. During this stage, information
on the condition, natural course, complications, prog-
nosis, genetics, management, and treatment options
are communicated with the counselee. Although stan-
dardized written information can be very helpful, it
cannot fully replace counseling. Information should
be tailored to the specific needs and knowledge of the
counselee, and the counselor should verify whether
vital information is understood.

* Supportive counseling. During this phase, the
emphasis is on the decision-making process and
coping. Counselees and their partners have to make
choices with regard to, for example, reproductive
issues or presymptomatic genetic testing. Choices
have to be reinforced and counselees and their rela-
tives have to be supported in coping with the genetic
disease that runs in their family, and eventually
with the outcome of genetic testing. The results of
genetic testing in one individual often alter disease
risks for relatives. It may be necessary to inform
relatives about the (newly identified) genetic dis-
ease in their family, and the fact that they them-
selves are, or are not, at risk to be genetically
predisposed to this disease. Counselees should be
aided in communicating such difficult news to their
relatives.

e Follow-up. People should be encouraged to return if
important questions remain or if new issues arise.
Ideal and easy solutions for problems related to
inherited disease are rarely, if ever, available.
Therefore, coping with genetic information may
take quite some time, and what seems to be the best
course of action may change over time. Moreover,
new information on other affected persons in the
family may alter earlier assumptions with respect to
the genetic contribution to the disease. Such infor-
mation may therefore change the conclusions of the
genetic analysis, especially if risk estimates were
based on empirical data.

It is customary that the conclusions of the genetic anal-
ysis are offered to the counselees in writing, to facili-
tate later decisions being made based on adequate
medical and genetic information.

Dealing with unfavorable genetic information may
be very distressing for the ones involved. In clinical
genetics departments specially trained social workers
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and/or psychologists are available to offer supportive
care whenever needed.

Some paradigms are inherently associated with the
genetic counseling process:

* Nondirectiveness. Historically, nondirectiveness is
an important hallmark of genetic counseling. The
counselor provides adequate information and sup-
port. The counselee 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 presymptomatic test-
ing of late onset neurodegenerative disease, 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 disorders that are, at least to some extent, ame-
nable to early intervention or preventive treatment,
the applicability of nondirective genetic counseling
becomes less obvious. For example, in long QT
syndrome type 1, where -blocker therapy has been
proven to be effective in symptomatic patients, non-
directive counseling seems less indicated.'¢ In prac-
tice, in cardiogenetics, a balance that respects both
patient autonomy, and assures that the appropriate
medical decisions are made, should be sought for.

* Informed consent. Informed consent is not unique
to clinical genetics or genetic counseling. However,
some institutions will require written informed con-
sent prior to DNA-testing, especially if presymp-
tomatic 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 medico-legal situation.

* Privacy issues. These are also not unique to genetic
medicine, 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 deal-
ing with genetic discrimination, which varies
between countries. However, a danger of discrimi-
nation on genetic grounds always exists. Therefore,
maximum confidentiality of genetic information
should be assured. Providing genetic information to
third parties, without written permission from the
individual 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
geneticists may encounter problems with confiden-
tiality and find themselves confronted with conflict-
ing duties.

2.6 Predictive Testing and
the Dynamics of Family Studies

Predictive or presymptomatic testing is performed on
symptom free or perceived symptom free individuals in
order to find out whether or not they have inherited the
predisposition for a genetic disease. Often predictive
testing takes place in the context of family studies. In
family studies specific individuals are targeted for eval-
uation based on a positive family history for genetic
disease. Both predictive testing and family studies are
unique features of clinical genetics practice.

2.6.1 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 usually reduces risks to popu-
lation level, and also risks for offspring will be normal-
ized. However, if the mutation is indeed identified, this
does not automatically mean that the individual will get
the disease. In many cardiac disorders penetrance is
significantly reduced. In general, presence of the famil-
ial mutation will not allow for predictions on severity
of the disease or age of onset,

Most genetic cardiac disorders show significant
locus heterogeneity, that is, many different genes are
associated with a similar phenotype. Besides, molecu-
lar heterogeneity (the number of different mutations in
a gene) is immense. Therefore, as a paradigm, predic-
tive genetic testing in a family is only possible if a
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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 cardiolo-
gist performing 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 treat-
ment, will have serious consequences for this person.
The adverse consequences (see next paragraph) of pre-
dictive 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 unsuc-
cessful, family studies will have to rely solely on phe-
notype 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 sen-
sitive to demonstrate the predisposition especially in
young individuals. In conditions with age-dependent
penetrance it may be prudent to re-evaluate individuals
with a 50% prior chance of having inherited the genetic
defect after a couple of years.

2.6.2 Adverse Consequences
of Predictive Testing

Predictive testing may offer important medical and
psychosocial benefits to the individuals tested.
However, it should be realized that, in contrast to this,
predictive testing can also have negative psychological
and socio-economic repercussions.'” Individuals may
perceive themselves as less healthy, even when no dis-
ease symptoms can yet be demonstrated. Coming to
terms with knowledge about one’s own genetic predis-
position, feelings of guilt toward children that are now
also at increased risk, forced lifestyle changes and dif-
ficulty with choices regarding, for example, reproduc-
tive 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 complicate family relationships,
especially if some family members 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 predictive 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 abso-
lutely unethical.

2.6.3 Predictive Testing in Minors

Minors cannot make their own well-informed deci-
sions with regard to predictive testing. It is a paradigm
in clinical genetics not to perform predictive genetic
testing in minors if there is no direct and important
medical benefit.'® Late onset disorders, or disorders
that are not amenable to preventive treatment, are not
to be tested in healthy children.” In some countries
predictive genetic testing in minors is subject to spe-
cific restrictive legislation.

However, in many cardiac disorders like, for exam-
ple, long QT syndromes, 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, predic-
tive genetic testing of minors can certainly be indi-
cated. In the Netherlands, for example, predictive
genetic testing of minors for cardiac disorders is per-
formed in centers for cardiogenetics, according to a
protocol that also involves participation of a psycholo-
gist or specialized social worker. It should be noted
that parents who have their children tested for heritable
arrhythmia syndromes are likely to experience major
distress and anxiety.!” This may influence the handling
of their children and moreover parental anxiety is
likely to lead to anxiety in children.

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

2.6.3.1 Conducting Family Studies

The way individuals are selected for evaluation in a
family study primarily depends on the mode of inher-
itance of the disease. Cardiogenetic family studies
most often involve autosomal dominant conditions,
in which affected individuals 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. When, parents of a
disease carrier are deceased it will often be difficult
to determine whether the condition has been inher-
ited from the mother or from the father. The possibil-
ity also remains that the disease predisposition was
inherited from neither parent, 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 information 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 frequency of the
familial character of the disease, and the availability
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
unambiguously identify those individuals that run an
increased risk of disease, in order to institute preven-
tive therapies or closely monitor these individuals and
enroll them in risk stratification protocols.

However, sometimes the targeted family members
themselves may not be at high risk for serious disease
anymore. Contacting them may still be justified if
there is a considerable 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 families that never
experienced arrhythmias themselves. Demonstrating
the predisposition in them will not necessarily lead to
treatment, but exclusion of the predisposition will ren-
der further testing unnecessary for all of his or her chil-
dren. The medical benefits for elderly tested individuals
may be limited, but also the socio-economic dangers
of predictive testing may be less urgent in older indi-
viduals, as they will usually already have insurance
and careers.

In case of a disorder that is not amenable to treat-
ment, only reproductive counseling can be offered to
family members that turn out to have the genetic pre-
disposition. For personal 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.

2.6.4 Contacting Family Members

It is not customary for clinical geneticists to directly
contact family members of their patients with genetic
disease. Usually a patient is supplied with short written
information for family members on the disease, man-
agement, genetic aspects, and the risks involved. It will
be pointed out to the patient which family members
should be contacted and should receive this written
information. Subsequently, the family members them-
selves are left to decide whether or not they want to act
upon it. This strategy, using these family letters guaran-
tees “maximum nondirectiveness” toward family mem-
bers and also, in a way, deals with issues of patient
confidentiality, as the patient agrees to distribute general
information on the disease within the family. An inven-
tory of responses to these family letters demonstrated
that this is an effective means to inform relatives.? Still,
especially when potentially dangerous arrhythmia syn-
dromes are involved, one could challenge the passive
nature of this strategy. Is it correct to leave the responsi-
bility to actually distribute the written information solely
with the patient? Should clinical geneticists not at least
check whether the information has been received by
family members and has been understood? This issue
has not yet been settled, but alternatives are certainly
conceivable. For instance, in the Netherlands in familial
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hypercholesterolemia (FH) family members are actively
visited by genetic field workers.

2.6.5 Prenatal Diagnosis

Prenatal diagnosis can be requested for a number of
different reasons. Termination of pregnancy may be
the ultimate consequence 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 peripartum medical interven-
tions, or help parents to emotionally prepare for the
birth of a child with a birth defect. Parents with a previ-
ous child with a congenital heart defect will qualify for
specialized ultrasound in subsequent pregnancies.
Depending on the severity and type of heart defect that
is detected at ultrasound, parents may decide to termi-
nate the pregnancy or to deliver in a center where
appropriate neonatal intensive care is available. On
rare occasions even fetal therapy can be applied; for
instance some fetal tachyarrhythmias can be treated by
putting the mother on medication.

Prenatal diagnosis can be divided in invasive diag-
nosis and noninvasive imaging studies, mainly prena-
tal ultrasound. Invasive prenatal diagnosis involves
obtaining chorionic villi (placental cells), amniocytes
(fetal cells present in amniotic fluid), or rarely cord
blood, for genetic and, sometimes, protein or metabo-
lite studies. The invasive procedures are associated
with a small albeit significant risk of pregnancy loss.
Therefore, these should be undertaken only if the pre-
natal diagnosis will have medical consequences. Like
in predictive genetic testing, prenatal DNA-diagnosis
for cardiac disorders will only be possible if the fam-
ily-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 diagnosis 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, uncertainty about postnatal follow-
up, and so on may be found to underlie such requests.

Preimplantation genetic diagnosis (PGD) is a tech-
nique 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 cou-
ples that are opposed to pregnancy termination, 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 proce-
dure 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, for instance,
Marfan syndrome or myotonic dystrophy.?! 22

Besides prenatal diagnosis, which is performed in
selected cases because of increased risk of genetic dis-
ease, also prenatal screening programs exists. In prin-
ciple 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 congenital
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.

2.6.6 Population Genetic
Screening Issues

In screening for genetic disease whole populations, or
specific subpopulations, are targeted.

Screening programs for inherited disease should
meet with the same standards as any screening pro-
gram, the only difference being that the outcome of
screening may also have bearing on family members.

Above all, screening must produce a useful outcome,
usually a form of early preventive treatment. If surveil-
lance is the only screening outcome it must be well
established that this surveillance leads to important
health benefits. In genetic screening, apart from identi-
fying individuals who are likely to develop the disease,
a goal of the program could be the identification of car-
riers of frequent autosomal recessive disease, like cys-
tic fibrosis or thalassemia. Here, the useful outcome
would be the possibility of preconception counseling,
and the possible prevention of the unexpected birth of
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an affected child. This situation will not play a signifi-
cant role in cardiogenetics as the only frequent auto-
somal recessive disorder associated with major cardiac
problems, hemochromatosis, is a late onset disorder
where preconception counseling would probably be
without benefit.

The ethical framework for population screening
requires that participation is voluntary, that easy under-
standable information is supplied to subjects about the
goals of the program, that programs respect the privacy
and autonomy of subjects, that screening results are
confidential and that no pressure is exerted to follow a
specific course of action based on screening results.

Organization and timing of screening are directly
related to the goals of the program and to the question
how subjects can be best recruited in order to maximize
uptake of the program. For instance, mutations in long
QT genes may be responsible for up to 10% of cases of
sudden infant death syndrome.” This has led some pro-
fessionals to propose ECG screening programs for neo-
nates. In developed countries, where programs for
neonatal screening have already been implemented, it
would seem logical to use the existing infrastructure for
organizing such a screening program.

2.6.7 Interpreting Genetic Test Results

Although nowadays most genetic tests are based on
direct mutation testing, interpretation of the results is
not always straightforward. Without going into great
depths on this subject, it may be appropriate to spend a
few lines on this subject. Mutations can basically have
effects in three different ways. They can cause loss of
normal protein function. This is called haploinsuffi-
ciency. They can cause gain or change of normal pro-
tein function, or they can make the protein become
toxic, if normal metabolism is disturbed. For example,
loss of function mutations in the SCN5a gene causes
Brugada syndrome and progressive conduction dis-
ease, whereas gain of function mutations in the same
gene underlies long QT syndrome type 3.

If nonsense mutations (leading to a stop codon) or
frameshift mutations (leading to disruption of the read-
ing frame, which usually causes a premature stop)
occur, one can be confident that this will lead to hap-
loinsufficiency, unless the truncation is very close to
the C-terminus of the gene. Actually, as a result of a

process called nonsense-mediated messenger RNA
decay, only very little truncated protein will be pro-
duced. Most splice mutations (especially those dis-
turbing the readingframe) and larger rearrangements
of genes will also lead to haploinsufficiency. Therefore,
in most cases when such classes of mutations are
detected in a candidate gene, one may assume that the
mutation is causative for the disease phenotype.

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

However, many of the missense mutations detected
may actually be rare variants without significant effect
on protein function. Therefore, if a new missense
mutation in a candidate gene for a specific disorder is
identified it will often be difficult to predict whether or
not it is the actual causative mutation. Such mutations
of unknown pathogenicity are called unclassified vari-
ants (UVs). Unfortunately, in clinical practice UVs
occur rather frequently and cannot always be satisfac-
torily resolved.

Absence of the same UV in a large number of
healthy controls is compatible with pathogenicity, but
merely confirms that the UV is indeed rare. One would
need to demonstrate that the UV is significantly more
common in diseased than in healthy persons in order to
prove the pathogenic potential. This is hardly ever pos-
sible in clinical practice. Proving that a UV always
cosegregates with the disease phenotype in a family
can provide definite evidence for pathogenicity, but
only if the family is large enough (about ten informa-
tive meiosis would be required). This is often not the
case. Absence of the UV in an affected family member
is, of course, strong evidence against the UV being the
causal mutation. Importantly, if family history is nega-
tive, testing the healthy parents for presence of the UV
can give vital information. If the UV turns out to be a
de novo mutation, this can be regarded as very strong
evidence in favor of pathogenicity. As mutation fre-
quencies are exceedingly low, the chance that a new
mutation would occur in the studied candidate gene
just by coincidence is negligible.

If the amino acid change is likely to change the
three-dimensional structure of the protein, or if it is
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located in a known binding site or important functional
domain of the protein, and if it involves an evolution-
ary conserved residue, these are all indications that the
UV is likely to be pathogenic, but none of these argu-
ments does provide conclusive evidence. An amino
acid residue is considered evolutionary conserved
when all other species have the same amino acid at this
position in the protein; in that case often other proteins
of the same protein family also have the same amino
acid at this position.

In a research setting it would often be possible to
introduce the UV into a model system and observe its
effect, but of course this is not possible in clinical
practice.

Assumptions made regarding the pathogenic poten-
tial of missense mutations are therefore often provi-
sional. It is important to realize this when using genetic
information in clinical practice. Over-interpreting
misses 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 mutation
will go unnoticed and individuals may be released
from surveillance, based on incorrect genetic informa-
tion. The fact that a specific missense mutation has
been published as a pathogenic mutation in the litera-
ture cannot always be regarded as sufficient evidence
(one has to go back to the original publications and
weigh the evidence).

2.6.8 The Cardiogenetics Outclinic

Since the care for individuals with genetic cardiac dis-
ease and their relatives requires both cardiologic and
genetic expertise, in the Netherlands multidisciplinary
outpatient clinics for cardiogenetics have been set up.
In these outpatient clinics that are operating within
the university hospitals, cardiologists, pediatric cardi-
ologists, clinical geneticists, molecular geneticists,
genetic nurses, psychologists, and/or social workers
co-operate to provide integrated health care for this
specific patient group. This is of benefit to patients
because the number of hospital visits can usually be
reduced, and also to health care providers because of
easier communication. Besides, from a data collection
and research point of view centralization of patients

with inherited cardiac disease also has obvious
advantages. It will be immediately clear that most of
the regular care for this patient group will have to
remain with cardiologists working in regional or
local hospitals. With an estimated prevalence of 1 in
500 for hypertrophic cardiomyopathy, it would not
only be unnecessary to follow all these patients in
outclinics for cardiogenetics, but it would also be
impossible. This implicates that a general awareness
of the genetic aspects of cardiac disease among car-
diologists is needed.
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Hypertrophic Cardiomyopathy

Imke Christiaans and Lucie Carrier

3.1 Introduction

Hypertrophic cardiomyopathy (HCM) has been
described in medical literature for several centuries.
The resurgence of anatomy in the Renaissance allowed
further study of the disease, and dissections of victims
of sudden death revealed bulky hearts.! Nowadays,
HCM is still a major cause of sudden cardiac death
(SCD) in the young, and the most common monoge-
netic heart disease.”* This chapter discusses not only
the epidemiology, diagnosis, 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.

3.2 Prevalence and Diagnosis

Hypertrophic cardiomyopathy is a relatively common
autosomal dominant disease affecting at least 1 in 500
persons in the general population worldwide.” The
clinical diagnosis is made when there is a hypertrophied
(often asymmetric), nondilated left ventricle on echocar-
diography (left ventricle wall thickness>15 mm) in the
absence of other cardiac or systemic diseases that may
cause cardiac hypertrophy, such as aortic valve stenosis
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and arterial hypertension.'®'* Because of the hereditary
nature of the disease, relatives of a patient can also be
affected. In a patient’s relative the diagnosis can be
made if certain ECG abnormalities and/or a left ventri-
cle wall thickness > 13 mm are present."

Considering the prevalence of clinically diagnosed
HCM is at least 1 in 500, in the Netherlands with a
population of 16.4 million's, at least 32,800 people
must have HCM and many more may be at risk of
developing HCM, particularly mutation carrying rela-
tives who have not developed left ventricular hypertro-
phy (LVH) yet. In a country like China the number of
individuals with HCM would be more than 2.6 million.
Many of these HCM patients are unaware of their dis-
ease and/or unaware of its hereditary nature. It is esti-
mated that in the Netherlands only 10-20% of HCM
mutation carriers have been identified and in other
countries this number is probably much smaller; many
individuals are therefore still unaware of their risk of
HCM and associated SCD.

3.3 Pathophysiology
and Natural History

The British pathologist Robert Donald Teare is
assumed to be the first to describe hypertrophic cardio-
myopathy in 1958."” Although bulky hearts and hyper-
trophy in sudden death victims have been described
centuries earlier! and subaortic stenosis (a former name
for hypertrophic cardiomyopathy) was described ear-
lier in literature,'®'” Teare was the first to describe the
asymmetrical appearance of hypertrophy and its famil-
ial nature. He also described a disordered arrangement
of muscle fibers at microscopic examination of the
hearts of his cases, now known as myocyte disarray
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(Fig. 3.1)."7 With electron microscopy one can also
notice a disordered arrangement of the myofilaments
as well. Myocardial disarray is not confined to the
thickened parts of the left ventricle; left ventricle
regions with normal thickness can also be disorga-
nized.” Fibrosis is another feature of HCM visualized
by microscopy or MRI. Both fibrosis and myocyte dis-
array are thought to be related to ventricular arrhyth-
mias.”! Besides hypertrophy, fibrosis, and disarray,
abnormalities in the intramyocardial small vessels are
another pathological finding in HCM. Vessels may

Fig.3.1 (a) Normal heart
and heart with hypertrophic
cardiomyopathy. (b) Heart
muscle on microscopy with
structured fiber pattern in the
normal heart and myocardial
disarray in the heart with
hypertrophic cardiomyopathy
(Derived from Hypertrophic
cardiomyopathy: from gene
defect to clinical disease.
Chung, MW, Tsoutsman,

T, Semsarian C. Cell Res.

2003;13:9-20) HCM

show a thickening of the vessel wall and a decrease in
luminal size.”

The diagnosis of HCM is most often made in adult-
hood, but HCM can present at any age. HCM is clini-
cally heterogeneous; patients are often asymptomatic
and diagnosed in routine screening, but HCM can also
be a very disabling disease giving rise to dyspnea, exer-
tional angina, palpitations, and (pre)syncope. The ana-
tomic changes in HCM can be a substrate for arrhythmias,
which may lead to palpitations, syncope, and even sud-
den cardiac death.

Normal
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Early pathogenesis in HCM starts in the functional
unit of contraction within the cardiomyocytes. The sar-
comere is a protein complex divided into thick and thin
myofilaments and proteins involved in the cytoarchi-
tecture of the sarcomeres, like proteins in the Z-disc
connecting the thin myofilaments of the sarcomere
(Fig. 3.2). In response to electrical depolarization of the
cardiomyocyte, intracellular levels of calcium rise.
Calcium binds to the troponin complex of the thin fila-
ment and releases the inhibition of interactions between
the thick filament (myosin) and thin filament (actin) by
troponin I. The myosin head can then bind to actin and
when ATP binds to myosin the myosin head moves
along the thin filament. ATP hydrolysis occurs and
force is generated. During relaxation, calcium is
removed from the cytosol.” Calcium is not only a key
molecule regulating both cardiac contraction and relax-
ation but also seems to play an important role in the
early pathogenesis of HCM. It is hypothesized that the
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genetic defect in a gene encoding a sarcomeric protein
disrupts normal contraction and relaxation of the sar-
comere and calcium accumulates within the sarcomere.
This leads to a reduction of calcium reuptake and even-
tually to reduced stores in the sarcoplasmic reticulum
and increased calcium sensitivity. Myocytes in mice
with HCM also 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 cardio-
myocytes. The increased mass of cardiomyocytes and
inefficient use of ATP lead to an increased energy
demand. When this energy demand cannot be met isch-
emia can result in premature myocyte death and replace-
ment fibrosis.??*

The hallmark of HCM, left ventricular hypertrophy
(LVH), can appear at virtually any age and increases or
decreases dynamically throughout life.>>?® Studies sug-
gest that extreme LVH occurs more frequently in the

OAnkyrin

Myosin

J

CP11T6436-1

Fig. 3.2 Main sarcomeric proteins (Derived from Familial hypertrophic cardiomyopathy: basic concepts and future molecular diag-
nostics. Rodrigues JE, McCudden CR, Willis MS. Clin Biochem. 2009;42:755-765)
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young, that is, in puberty or early adulthood.””* A
modestly decreasing magnitude of LVH with increas-
ing age has also been found; however, this inverse rela-
tion was largely gender-specific for women.”” These
studies suggest that LVH is a dynamic feature of HCM,
although all studies were cross-sectional in design.
There might be two possible explanations for the
observation that left ventricular wall thickness is gen-
erally milder in patients of more advanced age than in
the young. Firstly, young patients with marked LVH
have a higher rate of premature cardiac death. This
means that patients with extreme LVH are underrepre-
sented in the subgroup of older patients (the so-called
healthy survivors phenomenon). Secondly, progres-
sion to “end-stage” HCM may account in part for
this.” About 5-10% of HCM patients progress to this
end-stage, burn-out phase, which is characterized by
systolic dysfunction, dilation of the left ventricle, and
wall thinning, resembling the features of dilated car-
diomyopathy.”® Patients with this so-called dilated-
hypokinetic evolution are younger at first evaluation,
and more often have a family history of HCM or SCD

than patients who do not develop these features.*® Most
of the reported patients with a dilated-hypokinetic evo-
lution of HCM were 60 years or older.”

The most common location for LVH is the anterior
part of the interventricular septum, giving rise to an
asymmetrical appearance of hypertrophy. The asym-
metrical septal hypertrophy can be divided into two
subtypes: the sigmoid subtype with an ovoid LV cavity
and a pronounced basal septal bulge and the reverse
curvature subtype with a crescent shaped LV cavity
and midseptal hypertrophy.*! Other forms of hypertro-
phy, for example, concentric or neutral hypertrophy
and apical hypertrophy can also be found in HCM
(Fig. 3.3). The latter form seems to occur more fre-
quently in East Asian patients.*>%

Not only can HCM present at any age, the clinical
course is also variable. Patients can remain asymp-
tomatic throughout life, but the disease can also give
rise to heart failure and other adverse advents like
sudden unexpected death and embolic stroke. First
symptoms are often exertional dyspnea, disability
(often associated with chest pain), dizziness, and (pre)

Fig. 3.3 Hypertrophic cardiomyopathy septal morphological sub-
types based on standard echocardiography long-axis views taken
at end-diastole (fop). From left to right, sigmoid, reverse curve,
apical, and neutral subtypes (Adapted from Echocardiography-
guided genetic testing in hypertrophic cardiomyopathy: septal

morphological features predict the presence of myofilament muta-
tions. Binder J, Ommen SR, Gersh BJ, Van Driest SL, Tajik AJ,
Nishimura RA, Ackerman MJ. Mayo Clin Proc. 2006;81:
459-467)
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syncope. These symptoms are primarily caused by
diastolic dysfunction with impaired filling of the left
ventricle due to abnormal relaxation and increased
stiffness of the myocardial wall, leading in turn to
elevated left atrial and left ventricular end-diastolic
pressures, pulmonary congestion, and impaired exer-
cise performance.*** Systolic function is often spared,
but can arise in patients with the so called “end stage”
form of HCM. Symptoms may become more dis-
abling in the presence of other associated pathophysi-
ological mechanisms, like myocardial ischemia, left
ventricular outflow tract obstruction (LVOTO), and
atrial fibrillation.

In the early descriptions of HCM, patients almost
always had left ventricular outflow tract obstruction
and the disease was also called HOCM (Hypertrophic
Obstructive Cardiomyopathy). Nowadays, obstruc-
tion is still a frequent finding, but only a minority
(20-30%) of HCM patients have LVOTO, which is in
HCM often caused by systolic anterior motion (SAM)
of the mitral valve leaflefts (Fig. 3.4).3'3%% In gen-
eral LVOTO is defined as a peak gradient of 30 mmHg
or more identified by Doppler echocardiography
under basal (resting) conditions,*'**~* but the degree
of LVOTO can vary in time and some patients only
have provocable obstruction. The presence of LVOTO
is a strong predictor of disease progression, symp-
toms of heart failure, and death due to heart failure
and stroke.®

Atrial fibrillation is another frequent symptom in
HCM (about 20%). It is associated with advanced age,
congestive symptoms, and an increased left atrial size
at diagnosis.”” HCM patients with atrial fibrillation

Fig. 3.4 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

have an increased risk of heart failure-related death,
besides the risk of cerebrovascular accidents.

3.4 Disease Penetrance

HCM has long been regarded as a disease that mainly
affects young people. It was thought that penetrance,
that is, the presence of left ventricular hypertrophy,
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. Looking at symptoms of the disease,
in an unselected patient group 65% of patients aged
75 years or older had no or only mild symptoms.* In
this study the probability of survival for 5, 10, and
15 years for patients diagnosed with HCM after the
age of 50 did not differ significantly from the (matched)
general population. These data show that patients can
have normal survival and that the disease may not give
symptoms until late in life, or even may give no symp-
toms at all.

Although the abovementioned study is performed in
an unselected population of HCM patients and based
on the presence of symptoms, disease penetrance is
best investigated in a population with proven mutation
carriers. Studies in mutation carriers show that disease
penetrance is incomplete in adult life, but reaches 95—
100% after the age of 50 years.”** The relationship
between disease penetrance and the genotype (defined
as the mutated gene or a specific mutation within a
gene) is still not completely resolved. Studies including

apex

right ventricle left ventricle

left ventricular
outflow tract

25 mm

Systolic anterior motion of mitral
valve in left ventricular outflow tract
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a large number of mutation carriers show no difference
in disease penetrance between carriers of different
mutated genes.*

3.5 Therapy

Management in HCM patients is directed toward con-
trol of symptoms, risk stratification for and prevention
of SCD (see Sect. 5.6), and screening of relatives (see
Sect. 5.8). Symptoms of dyspnea, angina, syncope, and
fatigue are appraised and treated (Fig. 3.5).* Prophylactic

pharmacological treatment in asymptomatic patients
has not been proved to be effective in preventing
progression of the disease. Drugs are often the only
available treatment modality for symptomatic patients
without LVOTO. Negative inotropic agents like beta-
blockers and calcium antagonists have been 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. Besides, beta-blockers decrease left
ventricular contractibility and myocardial oxygen
demand and can possibly reduce ischemia in myocar-
dial microvessels. Verapamil, a calcium antagonist, also

I Genetically Overall )
Longltudlrlal affected w/o HCM High-risk SCD ICD prlmary/s_econdary
follow-up . prevention
phenotype population
: Cardioversion;
No/mild pharmacologic
symptoms : rate-control;
No drugs Progressive )
(low SD heart failure anticoagulation
risk) symptoms
e
i Afterload i
i reduction i Drugs
i i Disopyramide
o]
i i ref?z;gt% . »| Obstructive HCM »| Alternatives to
E Beta i y (rest or provocation) surgery
1| blockers | symptoms /\
i Spirono- i
H Isctone i End-stage |« Non-obstructive HCM</ Surgery: septal DDD ASI;:OPa?I
1 i (rest & provocation) myectomy pacing abl Stion

Heart transplant

Fig. 3.5 Treatment strategies for patient sugroups within the
broad clinical spectrum of hypertrophic cardiomyopathy (HCM).
AF atrial fibrillation, DDD dual-chamber, /CD implantable car-
dioverter defibrillator, SD sudden death (Derived from American
College of Cardiology/European Society of Cardiology clinical
expert consensus document on hypertrophic cardiomyopathy. 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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has favorable effects on symptoms by improving ven-
tricular relaxation and filling. In patients with progres-
sive heart failure symptoms with LVOTO, disopyramide,
a negative inotropic and type I-A antiarrhythmic drug
can be used. It can decrease systolic anterior movement
of the mitral valve, LVOTO, and mitral regurgitation. In
end-stage HCM, load reducing drugs (ACE inhibitors,
angiotensin-II receptor blockers, diuretics, digitalis,
beta-blockers, or spironolactone) can be used to allevi-
ate symptoms from systolic failure.*

For HCM patients with LVOTO, other treatment
modalities are available if pharmacological treatment
cannot alleviate symptoms. Ventricular septal myec-
tomy (Morrow operation) is the next preferable treat-
ment.*” Septal myectomy has been associated with a
considerable risk of mortality and morbidity. Nowadays,
isolated myectomy has low operative mortality and
brings effective long lasting improvement of symp-
toms.”® An alternative, more recently developed treat-
ment modality for symptomatic LVOTO is percutaneous
alcohol septal ablation. The introduction of alcohol in
the septal perforator branch of the left anterior descend-
ing coronary artery mimics septal myectomy.*’ Although
both percutaneous alcohol septal ablation and septal
myectomy can alleviate symptoms, the latter therapy is
considered the gold standard because of a lower rate of
procedural complications and more available knowl-
edge on the long-term outcomes.***

Indirect evidence suggests an association between
exercise and sudden cardiac death. Intense physical
activity (e.g., sprinting) or systematic isometric exer-
cise (e.g., heavy lifting) should be discouraged.
(Young) HCM patients should be advised to avoid
intense competitive sports and professional athletic
careers. Bacterial endocarditis prophylaxis is recom-
mended in HCM patients with LVOTO in resting or
exercise conditions.*

3.6 Sudden Cardiac Death
and Risk Stratification

One of the most used definitions of sudden cardiac
death is: “Natural death due to cardiac causes, heralded
by abrupt loss of consciousness within 1 hour of the
onset of acute symptoms; preexisting heart diseases
may have been known to be present, but the time and

mode of death are unexpected.”' In the past HCM was
seen as a disease with an ominous prognosis, because
of severe symptoms and high rates of SCD (3-6%/
year).”*9'=¢ 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 indi-
cate overall 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%.%
Although the overall risk of SCD for HCM patients is
small in absolute terms, a small subset of patients is at
much higher risk of SCD. Much would be gained in
terms of treatment benefits and avoidance of diagnostic
and treatment burden if this subset could be detected at
an early stage. The ACC/ESC Consensus Report sug-
gests that for this purpose all HCM patients should be
identified and undergo cardiological diagnostics, to
evaluate clinical signs of HCM and to estimate the risk
of SCD.** Currently, six major risk factors for SCD have
been identified which are mainly based on the outcome
of various cardiological diagnostic tests: (1) prior car-
diac arrest (ventricular fibrillation) or spontaneous sus-
tained ventricular tachycardia, (2) a family history of
premature sudden death, (3) unexplained syncope, (4)
left ventricular wall thickness>30 mm, (5) abnormal
exercise blood pressure, and (6) nonsustained ventricu-
lar tachycardia. Possible minor risk factors for SCD
include: (1) atrial fibrillation, (2) myocardial ischemia,
(3) left ventricular outflow tract obstruction, (4) a high-
risk mutation, and (5) intense (competitive) physical
exertion.* Recently, myocardial fibrosis assessed by
magnetic resonance imaging is being evaluated as a pos-
sible risk factor for SCD. Associations with nonsus-
tained ventricular tachycardia and other risk factors have
been found, but a prognostic study evaluating fibrosis as
an independent predictor for SCD is still lacking.5¢-%
HCM npatients, particularly those under the age of
60 years, should undergo a yearly clinical assessment
including risk stratification based on the presence of
the six major risk factors for SCD: careful personal
and family history, 12-lead ECG, echocardiography,
Holter recording, and exercise test.** The presence of
two major risk factors is associated with an estimated
annual risk of SCD of 4-5%.%> According to interna-
tional guidelines this risk is regarded sufficiently high
to justify primary prevention of SCD by means of an
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implantable cardioverter defibrillator (ICD). In patients
with a prior cardiac arrest or spontaneous sustained
ventricular tachycardia, an ICD should be implanted
for secondary prevention.**®7° Recent guidelines on
arrhythmia and the prevention of SCD also support
ICD implantation in HCM patients with only one of
the six major risk factors and who are considered to be
at high risk for SCD by their physician.®’® At present
the implantable cardioverter defibrillator (ICD) appears
to be an effective prophylactic treatment modality.”"’
However, due to the low positive predictive value of
the major risk factors, the decision to implant an ICD
in HCM patients with only one major risk factor for
SCD remains controversial.

3.7 Genetics of HCM

HCM is inherited as an autosomal dominant trait. In
more than half of the HCM patients the disease caus-
ing mutation can be identified currently.*®”*"° Mutations
can be located in many genes, but are most often found
in the genes encoding sarcomeric proteins (Table 3.1,
Fig. 3.2). Sarcomeric genes can be divided into genes
encoding for myofilament proteins '31446747378-83 gapd
genes encoding for Z-disc proteins.’*

Most HCM patients are heterozygous for the
mutation, but in 3-5% of cases, patients carry two
mutations in the same gene (different alleles —com-
pound heterozygous or homozygous—) 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-
ing a gene-dosage effect.””?** The two most fre-
quently mutated genes are MYBPC3 and MYH7,
encoding the sarcomeric proteins cardiac myosin-
binding protein C and beta myosin heavy chain,
respectively (Table 3.1). Both proteins are major
components of the sarcomeric thick filament. In con-
trast to MYH7 and most of the other genes associated
with HCM, 70% of MYBP(C3 mutations are nonsense
or frameshift and should result in truncated pro-
teins®*%, suggesting haploinsufficiency. In the other
genes missense mutations are most frequent, which
create a mutant protein that interferes with normal
function (dominant negative effect).

Since the discovery of the first genes for HCM,
many papers on genotype—phenotype correlations have
been written. At first, specific mutations, mainly in the
MYH?7 gene, were described that were associated with
a “malignant” phenotype (decreased survival).”®
So-called “benign” mutations were reported in fami-
lies with normal longevity, as well.”*7%-1% These sug-
gested “malignant” and “benign” mutations 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 left ventricular hypertrophy
and incidence of sudden cardiac death.*6-6:100.102105-107
Moreover, genetic studies have revealed that not all
mutation carriers are clinically affected, using standard
echocardiography. This suggests the existence of mod-
ifier genes, which modulate the phenotypic expression
of the disease. Associations have been found with
polymorphisms in genes for the angiotensin II type 1
and type 2 receptors and in the promoter region of the
calmodulin IIT gene. %8110

Non-sarcomeric genes have been associated with
specific phenotypes which include, besides HCM,
almost always a distinct noncardiac syndromic pheno-
type, like the PTPN11 gene in Noonan syndrome and
the LAMP2 gene in Danon disease. However, muta-
tions in the GLA gene, associated with Fabry disease,
can give rise to HCM without further symptoms of
Fabry disease, especially in women.''' PRKAG?2 is the
other non-sarcomeric gene, which presents with an
exclusively cardiac phenotype. The cardiac phenotype
is distinct and includes besides HCM electrical pre-
excitation (Table 3.1).!"?

De novo mutations and germline mosaicism occur
very rarely in HCM.!'*-!'7 Because most mutations are
private, many of the identified mutations are novel. In
certain countries/populations, however, founder muta-
tions have been identified, in which haplotype analysis
suggests a common ancestor. These founder mutations
often comprise a large part (10-25%) of the detected
mutations in these countries. Founder mutations have
been found in the Netherlands,''®'"” South Africa,'
Finland,"' Italy,” Japan®, and in the Amish population
of the USA.'

Like in other genetic diseases, identified mutations
in HCM patients can be pathogenic (disease causing),
silent polymorphisms, or unclassified variants of which
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Table 3.1 Genes associated with hypertrophic cardiomyopathy (HCM) and their detection rate #-7+7578.79.84-89

Gene Name

Sarcomeric

Myofilament
MYBPC3 Myosin-binding protein C
MYH7 Beta myosin heavy chain
TNNT2 Troponin T2
TNNI3 Cardiac troponin [
MYL2 Myosin light chain 2
MYL3 Myosin light chain 3
TPM1 Alpha tropomyosin
ACTC Alpha actin
TNNC1 Troponin C

Z-disc
ACTN2 Alpha-2 actinin
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

Non-sarcomeric?

Detection rate

13-32%
4-25%
0.5-7%
<5%
<5%
<1%
<1%
<1%
<1%

<1%

Phenotype

PRKAG2 AMP-activated protein kinase gamma 2 LVH/pre-excitation
(Wolf-Parkinson-White syndrome)/
conduction disturbances

LAMP2 Lysosome-associated membrane protein 2 Danon disease

GLA Alpha galactosidase Fabry disease

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

KRAS2 Kirsten rat sarcoma viral oncogen homolog Noonan, Leopard, CFC syndrome

SOS1 Son of sevenless homolog 1 Noonan syndrome

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

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 debrancher enzyme Glycogen storage disorder II1

FXN Frataxin Friedreich ataxia

TTR Transthyretin Amyloidosis I

Mitochondrial DNA LVH “plus”

“Because of specific phenotype mutation detection rate is not provided

the pathogenic effect is still unclear. Nonsense or frame-
shift mutations 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 non-
sense-mediated mRNA decay degrading nonsense
(truncated) mRNAs'?* and the ubiquitin-proteasome

degrading aberrant proteins;'** truncating mutations
most often do not result in the formation of protein at
all and therefore lead to haploinsufficiency of the pro-
tein encoded by the mutated allele in the cells.
Missense mutations create a mutant protein that
either interferes with normal function (dominant neg-
ative effect) or assumes a new function. Sometimes,
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howeyver, it remains unclear if a missense mutation
results in a protein with no or abnormal function.
The amino acid substitution in missense mutations
can give some indications for pathogenicity. Missense
mutations at codons conserved between species and/or
isoforms are more likely to be pathogenic than muta-
tions at poorly conserved regions. Different in-silico
methods have been developed to assess not only con-
servation, but also changes in protein structure, chemi-
cal and biophysical characteristics, and interactions.
These in-silico methods to define pathogenicity have to
be validated by comparison to a gold standard. Gold
standards can be functional assays, frequently found
mutations (e.g., founder mutations), or segregation with
the phenotype. All of these potential standards, how-
ever, have their own strengths and weaknesses.'>1%
Unclassified variants and even polymorphisms in
HCM-associated genes and other genes (e.g., polymor-
phisms in the renin-angiotensin—aldosterone sys-
tem'?"1%%) may exhibit phenotype modifying effects. In
most countries, analysis of uncertain variants and modi-
fiers in HCM patients is currently performed in research
setting only and not used in clinical decision making.

3.8 Screening of Relatives: Genetic
Counseling and Testing

Consensus documents on HCM encourage screening
of relatives because of the risk of HCM-associated
sudden cardiac death.'* Identification of a disease caus-
ing mutation in a HCM patient (the proband) implies
the opportunity of screening by means of predictive
DNA testing in relatives. DNA testing for HCM, and
especially predictive DNA testing in relatives, is not
common practice in most countries, because health
insurance does not cover the costs of DNA testing,
and/or because genetic counseling is unavailable. DNA
testing is therefore often only available in a research
setting. Instead, most of these countries use clinical
modalities such as echocardiography and ECG to screen
relatives on the presence of disease. In the Netherlands,
diagnostic DNA testing is covered by standard health
insurance and DNA testing for HCM has been increas-
ing since 1996 with specialized multidisciplinary car-
diogenetics outpatient clinics now present in all eight
university hospitals. Most mutations (80%) in the

Netherlands are found in the MYBPC3 gene, mainly
because of three founder mutations (c.2373_2374insG,
¢.2827C>T, and ¢.2864_2865delCT).

In the Netherlands, there is much experience with
family screening for HCM and other cardiogenetic dis-
eases as specialized outpatient clinics have been devel-
oped in the early stages of DNA testing (see Chap. 25).
Here, systematic screening of relatives in families with
a disease causing mutation, so-called cascade screen-
ing, starts with the proband. Probands in whom a dis-
ease causing mutation is detected receive a family
letter to inform their direct relatives about the possi-
bilities of DNA testing and its pros and cons. Predictive
DNA testing in relatives >10 years can only be per-
formed after genetic counseling. A genetic counseling
session involves one session with a genetic counselor
(clinical geneticist or genetic consultant) and a cardi-
ologist and takes on average between 30 and 45 min.
An additional session with a psychologist or social
worker is offered to all counselees but is only manda-
tory before DNA testing when children are involved.
The DNA test result can be communicated to the coun-
selee face to face at the outpatient clinic, by telephone,
or by mail, according to the counselee’s preference.
All counselees receive a letter with their DNA test
result and its implications for the counselee and his or
her relatives.'”’

Relatives without the familial HCM mutation can
be discharged from cardiological follow-up. Relatives
who carry the familial HCM mutation are, according
to international guidelines, like affected HCM patients
with or without mutation, advised to undergo regular
cardiological evaluation to evaluate the presence of left
ventricular hypertrophy and risk factors for sudden
cardiac death.*® During follow-up left ventricular
hypertrophy (manifest disease) can present at any age.
The presence of risk factors for SCD in mutation car-
riers is associated with an increased risk of SCD if
HCM is manifest (i.e., if left ventricular hypertrophy
is present). In mutation carrying relatives (still) with-
out manifest HCM, risk stratification is advised; yet it
is unclear if the major risk factors established for
affected HCM patients are also valid for mutation car-
rying relatives without manifest disease and if the
presence of these risk factors is associated with an
increased risk of SCD.

If no mutation can be detected in a proband with
HCM, first degree relatives still have a risk to develop
hypertrophic cardiomyopathy. DNA testing in these
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relatives is impossible; they are all advised to undergo
regular cardiological evaluations (annual between 12
and 18 years and once every 5 years >18 years) assess-
ing the presence of hypertrophy or ECG abnormalities
directing toward HCM.*

3.9 Summary

Hypertrophic cardiomyopathy (HCM) is the most
common monogenetic heart disease affecting 1 in 500
people worldwide. Hallmark of the disease is left ven-
tricular hypertrophy in the absence of cardiac or sys-
temic disease that may cause hypertrophy. The disease
can present at any age and is highly variable. Patients
can remain asymptomatic throughout their life, but
HCM is also associated with adverse clinical events,
like heart failure, stroke, and sudden cardiac death.
Therapy is mainly directed toward relieving symptoms
of heart failure and left ventricular outflow tract
obstruction. Risk stratification with clinical risk mark-
ers can identify patients at high risk for sudden cardiac
death. In these patients, prevention of sudden cardiac
death is effective with an implantable cardioverter
defibrillator.

Because of the hereditary nature of the disease, first
degree relatives are advised to undergo periodic cardi-
ological evaluation for the presence of left ventricular
hypertrophy. In about half of the HCM patients a dis-
ease causing mutation can be detected in one of the
genes encoding for sarcomeric proteins. Detection of a
disease causing mutation allows predictive genetic
testing in relatives, and can thus better identify the
relatives at risk for HCM and associated death.
Although there is no evidence of a clear benefit of
early pharmacological treatment in mutation carrying
relatives, risk stratification for sudden cardiac death is
also warranted in them and can save lives.
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Familial Dilated Cardiomyopathy

G. Aernout Somsen, G. Kees Hovingh, L.I. Tulevski,
Jon Seidman, and Christine E. Seidman

4.1 Introduction

Dilated cardiomyopathy (DCM) is a disorder of the
ventricular myocardium characterized by normal or
thinned walls, enlarged chamber volumes, and dimin-
ished systolic function. Clinically, DCM gives rise to
fatigue, shortness of breath, and increased morbidity
and mortality. DCM occurs in response to underlying
pathologies including valvular dysfunction, hyperten-
sion, or myocarditis, or as an idiopathic disorder of the
myocardium. Among patients with idiopathic DCM,
approximately 25-30% have affected first-degree fam-
ily members, implying a genetic etiology.' However, a
pathogenic mutation is found in a minority of cases of
familial DCM upon molecular analyses. A number of
candidate genes have been identified, and these encode
for proteins of the myocyte contractile apparatus, the
myocyte cytoskeleton, and nuclear envelope, as well as
proteins involved in calcium homeostasis. In addition,
the function of a number of proteins encoded by candi-
date genes is still unknown. To date, over 20 genes have
been shown to play a pivotal role in the origin of DCM.
This diversity of genetic etiologies in DCM explains
why patients sometimes exhibit additional clinical
manifestations, including defects in the conduction sys-
tem resulting in arrhythmias, skeletal muscle abnor-
malities, deafness, and endocrinologic disease.

Current molecular testing strategies allow us to
identify mutations in DCM patients. In addition to
confirmation of the diagnosis in these patients with
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clinical signs of the disease, genetic testing also holds
great value in the identification of carriers of the disease-
causing mutation in family members. Molecular screen-
ing of these individuals does not only result in a potential
strategy to diminish disease-related complications
(arrhythmias and thromboembolism) in a very early
phase, but will also greatly enhance our knowledge about
the exact role of a mutated gene in the course of disease.

The list of genes is not deemed to be complete and
more genes involved will be identified in the future.
Knowledge of the full repertoire of key-role genes is
indispensable for our understanding of pathways
involved in the process of the failing heart.

4.2 Epidemiology and Prevalence

DCM (without coronary artery disease) has a preva-
lence of 40 per 100,000 in the USA and a reported inci-
dence of 5-8 in 100,000 in the USA and Europe."”
Among 1,230 patients that were categorized as hav-
ing primary or secondary DCM, 50% were defined as
idiopathic (IDC) (Table 4.1)"* Before the widespread
application of echocardiography, assessment of the
prevalence of DCM among family members was trou-
blesome, likely resulting in an underestimation of the
heritability. In recent years, however, more accurate
numbers have been published. In their study, Grunig
and colleagues showed that 35% of the cases of IDC
were familial DCM, indicating that a substantial pro-
portion of all DCM patients may have a genetic etiol-
ogy.'® While the prevalence and incidence of genetic
disorders may vary between populations and geo-
graphic regions, the true prevalence of genetic DCM
may even be higher, due to the age-dependent expres-
sion of the disease. An increased awareness among
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Table 4.1 Prevalence of DCM specified for cause'

Cause of DCM # of patients Prevalence

(%)

Idiopathic 616 50.1
Peripartum 51 4.1
Myocarditis 111 9.0
Ischemic heart 91 7.4
disease

Infiltrative 59 4.8
Hypertension 49 4.0
HIV 45 3.7
Connective tissue 39 3.2
disease

Substance abuse 37 3.0
Doxorubicine 15 1.2
Other 117 9.5
Total 1,230 100.0

physicians of the heritability of DCM, in concert with
improved imaging modalities that enable the early
detection of the disease, may further increase the dis-
ease prevalence.

4.2.1 Diagnosis and Clinical
Course of Familial DCM

The age of onset of symptoms differs between DCM
disease genes. For example, clinical manifestations
occur, in general, at young age in individuals with
mutations in sarcomere protein genes or in the cal-
cium-handling gene encoding the protein phospholam-
ban, while in individuals with lamin A/C mutations,
symptoms of the disease may become overt only after
the fourth decade of life.

Presenting symptoms are often nonspecific and
include exertional dyspnea, fatigue, and palpitations.
Sudden death is a rare initial presentation of DCM.

Findings at physical examination are often unre-
markable or subtle in DCM patients. On examination,
the heart may be enlarged and the ictus cordis may be
displaced. On auscultation, the heart sounds can be nor-
mal, but a S3 and S4 gallop due to reduced ventricular
compliance may be present. With advanced ventricular
dilation, a pansystolic blowing murmur due to mitral
regurgitation may be audible at the apex. In addition,

signs of heart failure, such as rales and peripheral
edema, may be present. Irregular heart rhythms are
common in DCM and initially include atrial or ven-
tricular premature complexes and atrial fibrillation. In
addition, ventricular arrhythmias may be present.

Diagnosis of DCM is based upon identification of
ventricular dilation and impaired function. This can
either be assessed by means of echocardiography,
bloodpool scintigraphy, or magnetic resonance imag-
ing (MRI). Typically, the left ventricular fractional
shortening, as measured by echocardiography, is less
than 25% percent. Bloodpool scintigraphy and MRI
can be used to measure the end-diastolic and end-sys-
tolic volumes, from which the left ventricular ejection
fraction (LVEF) can be calculated. DCM is diagnosed
if LVEF is less than 40% (Table 4.2).

The end stage of the natural course of DCM is heart
failure. The rate of progression toward heart failure
due to DCM varies considerably — ranging from slow,
indolent decline to rapid deterioration of ventricular
function. An appreciation of the expected course can
be gleaned from the family history. Increased morbid-
ity and mortality in DCM is also attributed to throm-
boembolic events and sudden death due to arrhythmias.
Although different mutations may affect myocyte
function in different ways, there seems to be a com-
mon final pathway resulting in myocyte hypertrophy,
premature myocyte death, and increased myocardial
fibrosis. These histopathologic features are identified
in virtually all postmortem and explanted cardiac tis-
sues of genetic DCM patients.

4.2.2 Genetic Background

Familial DCM is most frequently inherited as an auto-
somal dominant trait, a pattern of transmission that
implies considerable risk that offspring will also
develop DCM. Other forms of inheritance, that is,
autosomal recessive, X-linked, and matrilineal, are
less common in DCM and convey different risks to off-
spring (Table 4.3). Mitochondrial mutations produce
matrilineal inheritance, in which, all offspring from an
affected mother, but no offspring from an affected
father are at risk for DCM.

DCM gene mutations are known to exhibit vari-
able penetrance, a genetic term that indicates the
discrepancy between the presence of a mutation and
clinical manifestation of disease. Some individuals
who carry a DCM gene mutation (genotype) lack
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Table 4.2 Proposed diagnostic workup of DCM patients (Modified from the 2009 Focused Update: ACCF/AHA guidelines for the
diagnosis and management of heart failure in adults (http://circ.ahajournals.org/cgi/content/full/119/14/1977)

Detection of ventricular dysfunction

!

drugs, exposure to radiation and deficiencies

A careful history should be obtained with respect to chest pain, palpitations,
current and past use ofalcohol, cocaine, medications and chemotherapeutic

!

prolonged QT interval/Q waves/hypertrophy

Electrocardiography: Arrythmia/conduction disease/ brugada syndrome/

!

Laboratory evaluation: complete blood count, urinalysis, serum electrolytes
(including calcium and magnesium), blood urea nitrogen, serum creatinine,
fasting blood glucose, lipids, liver function tests, thyroid function, c-reactive
protein, iron -status, creatine kinase, noradrenaline, cortisol, growth hormone

!

coronary artery disease (CAD)

Coronaryangiography/myocardial perfusion scintigraphy to exclude

If CAD present: consider coronary
revascularisation

!

compaction cardiomyopathy (NCCM)

MRI (late contrast enhancement): myocardial infarction, infiltrative disease,
myocarditis, arrhythmogenic right ventricular cardiomyopathy (ARVC ), non-

If ARVC/NCCM: family screening and
mutation screening in candidate genes

!

conduction disease, arrhythmia, sudden cardiac death

Family history (> 1 first degree family member affected) of cardiomyopathy,

If positive than: family screening and mutation
screening in candidate genes

—

]

cytomegalovirus, and human immunodeficiency virus

Viral antibodies; Coxsackievirus, influenzavirus, adenovirus, echovirus,

!

specific diagnosis is suspectedthat would influence therapy

Endomyocardial biopsy can be useful in patients presenting with HF when a

clinical manifestations of ventricular dysfunction
(phenotype). The proportion of individuals with a
gene mutation who express disease are called pen-
etrants, whereas mutation carriers without clinical
disease are called nonpenetrants. Many factors con-
tribute to the variable penetrance of DCM mutations,
including age, interacting genes, and environmen-
tal modifying factors. These parameters need to be
considered when screening the relatives of individu-
als with DCM. The presence of a disease causing

mutation can most often not be excluded based on
clinical examination at a single point in time, and
especially young, clinically unaffected relatives of a
DCM patient may transmit a disease causing muta-
tion to children. An appreciation of the penetrance of
DCM can be obtained from large families with one
specific underlying genetic defect. This information
can help to define appropriate screening strategies
for LV dysfunction in specific individuals at risk for
developing DCM (Fig. 4.1)
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Table 4.3 Known modes of inheritance of DCM!®

Inheritance % of familial Risk to offspring Risk to sibs

mode DCM

Autosomal 56 50%* %50%"°

dominant

Autosomal ~16 <1% 25%

recessive

X-linked ~10 Dependent on sex of the Dependent on whether or not mother is

recessive® index! a carrier of the mutation®

Matrilineal ? Males and females may be equally affected. Only females will transmit mtDNA mutations to
(tRNA offspring. The chance of transmission may be close to 100%. Still only a proportion of
mutations in offspring will be affected. Because as a result of heteroplasmy (see Chap. 2) the mutation
mtDNA) threshold required for disease expression to occur may never be reached

mtDNA mitochondrial DNA

“May be a little less in clinical practice as a result of reduced penetrance

°Only if one parent is carrier of the causative mutation

‘In classical X-linked recessive disease females are asymptomatic carriers, however in the most common X-linked recessive disor-
ders associated with DCM (Duchenne and Becker muscular dystrophy), females may develop DCM, and should remain under car-
diac surveillance

dAffected males will transmit the mutation to none of their sons and all of their daughters

*Mutations in X-linked recessive disorders that are associated with DCM arise quite often de novo. If the mother is a mutation carrier,
both sons and daughters have 50% chance of inheriting the mutation

4.2.3 Genes and Mutations in DCM

L 4} |J_-| |£ 4} |J_-| 4) Molecular studies have identified many genes and
+ + + + mutations that can cause DCM and more will undoubt-
éL 4} |J_—||£ |J_—| I£ I£ I£ edly be discovered. In some instances, investigations
have identified only the chromosome region (or locus)

+ o+ + + + + + +

that likely contains a DCM gene. Table 4.4 provides an

. o illustration of this expanding knowledge of genes that
Fig. 4.1 An example of age-dependent penetrance within a tated in DCM. M f th d

dilated cardiomyopathy (DCM) family. Plus (+) refers to a posi- are mutated n - Many 0 ese genes encode

tive genotype (carrier of a genetic defect, associated with DCM), ~ cytoskeletal and sarcomere proteins or proteins involved
filled symbols refer to phenotypically defined DCM in ion homeostasis. In addition, DCM genes encode

Table 4.4 Loci and gene mutations associated with DCM as registered in the Online Mendelian Inheritance in Man (OMIM) database
Locus Gene Phenotype (other than DCM) Reference
1pl—q21 LMNA Sudden cardiac death, LBBB, SVT, sinus 12

bradycardia, AV-conduction block. NCCM;
EDMD;LGMD type 1b;partial LD; HGP;AO

1q31—q42 PSEN 2 Alzheimer 25
1932 TNNT 2 NCCM; HCM 11,32
1q42—q43 ACTN 2 HCM 33
2q31 TTN HCM 14
2q35 DES Progressive distal-onset skeletal myopathy, 26

respiratory insufficiency

3p21 SCNSA Sinus node dysfunction, SVT, progressive atrial ~ 30
and intraventricular conduction delay; Iqts3;BS
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Table 4.4 (continued)

Locus Gene Phenotype (other than DCM) Reference

3p21.3—pl4.3 TNNC 1 Myocyte hypertrophy, increased interstitial 32
fibrosis, endocardial thickening, SCD

4ql2 SGCB LGMD type 2e 3

5q33 SGCD LGMD type 2f (absence of skeletal 57
muscular dystrophy)

6q22.1 PLN SCD, ventricular tachycardia/fibrillation 50

6q23—q24 EYA4 Sensorineural hearing loss 51,52

6q24 DSP Wooly hair, keratoderma, ARVC 6

9q31 FKTN Mild limb-girdle muscle involvement, 39

Fukuyama muscular dystrophy,
Walker—Warburg syndrome

10q21-23 LDB3suffices NCCM 62
10g22.1-q23 VCL HCM 43
11p11.2 MYBPC3 HCM 34
11p15.1 CSRP3 HCM 23
11¢22.3—q23.1 CRYAB Skeletal myopathy 49
12p12.1 ABCC9 Ventricular arrhythmia 5

12q22 LAP2 TMPO 56
13q12 SGCG LGMD2c 42
14q12 MYH7 NCCM 22
14924 TGFB3 Arrhythmogenic right ventricular 4

cardiomyopathy

15q11-14 ACTC1 NCCM 45
15q22.1 TPM1 SCD 44
17q12 TCAP LLGMD type 2¢g 23
17q21 JUP Palmoplantar keratoderma, 29

arrhythmogenic right ventricular
cardiomyopathy (Naxos disease)

18q12.1 DSC2 Arrhythmogenic right ventricular 53
cardiomyopathy

18q12.1 DTNA NCCM 19

19q13.4 TNNI3 Myofibrillar loss, hyperchromatic nuclei, and 40

myocyte hypertrophy; HCM

Xp21.2 DMD Skeletal dystrophy, high serum creatine kinase, 38
mental retardation (DMD, BMD)

Xq24 LAMP2 Skeletal myopathy, high serum creatine kinase, 55
mild cognitive impairment in males, pigmentary
retinopathy (Danon disease)

Xq28 TAZ NCCM, death in early infancy, Barth syndrome 8

AO and others, BMD Becker muscular dystrophy, BS Brugada syndrome DCM dilated cardiomyopathy, DMD Duchenne muscular
dystrophy, EDMD Emmery-Dreifus muscular dystrophy, HCM hypertrophic cardiomyopathy, HGP Hutchinson-Gilford progeria,
LBBB left bundle LD lipodystrophy, LGMD limb girdle muscular dystrophy, LOTS long QT syndrome branch block, muscular dys-
trophy, NCCM noncompaction cardiomyopathy
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proteins involved in the nuclear membrane and in mito-
chondrial functions.

4.3 Molecular Pathophysiology

Our current understanding of the mechanisms by
which mutations result in DCM is predicted on the
function of these molecules and cardiac biology. The
sarcomere is the fundamental structural and functional
unit of cardiac muscle that consists of an interdigitat-
ing system of thick and thin filaments (Fig. 4.2). Force
is generated from the sliding movement of thick fila-
ments relative to thin filaments, which is achieved by
cyclical attachment and detachment of myosin cross-
bridges to actin. Hydrolysis of ATP by myosin pro-
vides energy for the detachment and subsequent
reattachment of the crossbridges and results in a step-
like displacement of thin filament relative to the thick
filament. The troponin—tropomyosin complex provides
a Ca’-sensitive switch that regulates this process.
Troponin I is an inhibitory component of the troponin—
tropomyosin complex which binds actin and inhibits
actomyosin ATPase activity in the absence of Ca.
Ca?* binding to troponin C causes the troponin—tropo-
myosin complex to release the myosin binding domain
of actin, permitting the interaction of actin and myosin
heads. The myosin light chains maintain optimal speed
and efficiency of crossbridge cycling. Myosin binding
protein C contributes to the organization and assembly
of thick filaments and modulates crossbridge function

Thick filament

Troponin

Tropomyosin
Actin
|
VR SR Rl
I-band A-band I-band

C-zone H-zone C-zone

Fig. 4.2 Schematic drawing of the sarcomere structure’®

by regulating the position of the myosin head relative
to the thin filament.

DCM mutations in sarcomere proteins clearly perturb
these processes. Diminished force may occur in myosin
mutations that alter actin-binding residues involved in
initiating the power stroke of contraction. Impaired con-
tractile force may also occur in DCM troponin mutations
that alter residues implicated in tight binary troponin
interactions. Because Troponin molecules modulate cal-
cium-stimulated actinomyosin ATPase activity, these
defects may cause inefficient ATP hydrolysis and therein
decrease contractile power.

Other DCM mutations may impair force transmis-
sion. Cytoskeletal proteins as desmin, dystrophin, and
sarcoglycans are responsible for propagating force gen-
erated in the sarcomere to the plasma membrane and to
the extracellular matrix. Mutations in cytoskeletal pro-
teins may destabilize protein-protein interactions and
compromise or cause ineffectual force propagation/
force transmission throughout the myocyte.

Nuclear envelope proteins are proposed to provide
structural support for the nucleus and to play an impor-
tant role in chromosome organization, gene regulation,
and nuclear protein handling. Mutations in these genes
may cause DCM by altering the myocyte toward more
susceptibility for mechanical stress.

Although mutations have long been considered to
contribute specifically to the development of DCM,
recent studies have shown that some of these “DCM
mutations” can also cause hypertrophic cardiomyopa-
thy (HCM) when present in a different part of the gene
or in a different family.

4.3.1 Sarcomere Proteins

4.3.1.1 Actin

Actin participates in force generation by the sarcomere
and also provides interaction with Z-bands and the
intercalated discs (Fig. 4.2). These structures are the
scaffold onto which myosin proteins generate force to
support muscle contraction.

Mutations in actin and in all other sarcomere proteins
can cause either hypertrophic cardiomyopathy or DCM,
depending on the precise location of the mutation. DCM
caused by actin mutations can be due to a failure in force
generation or due to ineffectual force propagation.
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Actin mutations are not associated with extracar-
diac manifestations. Although actin mutations are a
rare cause of DCM, several reports indicate that these
mutations can cause early onset, childhood disease.

4.3.1.2 Metavincullin

Metavincullin interacts with actin and links thin fila-
ments to the plasma membrane. This muscle-specific
isoform of vinculin is essential for force transmission
during muscular contraction.®’ Metavincullin was ana-
lyzed as a candidate gene and rare mutations were iden-
tified in two patients with sporadic DCM.* Electron
microscopy of myocytes from a DCM patient with a
metavincullin mutation showed irregular and frag-
mented intercalated discs. Mutations in functionally
distinct regions of metavincullin have also been associ-
ated with HCM.

4.3.1.3 Telethonin

Telethonin is localized in the Z disc of the skeletal and
cardiac myocyte and undergoes dynamic phosphoryla-
tion following calcium/calmodulin binding. Telethonin
interacts with titin, which serves as docking sites for
multiple proteins and regulators of contraction and
provides machinery for sensing myocyte stretch.
Telethonin mutations are a rare cause of DCM*

4.3.1.4 Troponin-T

Cardiac troponin T participates in modulating calcium-
stimulated actinomyosin ATPase activity. DCM muta-
tions in troponin T alter residues that are involved in
tight binary troponin interactions and may decrease the
calcium sensitivity of force generation and therein
decrease contractile power. Mutations in troponin T
usually cause HCM, but DCM mutations have also
been described.”

4.3.1.5 Troponin-I|

Cardiac troponin I binds actin and inhibits actomyo-
sin ATPase activity in the absence of calcium. The

functional consequences of troponin I mutation were
impairment of interactions with cardiac troponin-T but
not with troponin-C. As such, this defect is presumed
to function similar to troponin T mutations, and to per-
turb force generation. Troponin-I mutations are a rare
cause of DCM — only 1 mutation was identified in 235
DCM patients. Troponin I mutations may be transmit-
ted as recessive mutations in DCM.*

4.3.1.6 Troponin C

Cardiac troponin-C regulates calcium uptake in the sar-
comere and promotes interaction of actin with myosin,
the hydrolysis of ATP, and the generation of tension.
Functional studies of mutated troponin C indicate that
these disrupt normal interactions with troponin-T and L.

To date, few troponin C mutations have been defined
in DCM patients,* but notably, the DCM phenotype
was severe in these patients.

4.3.1.7 Tropomyosin

Both, alpha- and beta tropomyosin-1 mutations can
cause DCM by decreasing the calcium sensitivity of the
contractile apparatus or by destabilizing actin interac-
tions. These abnormalities compromise force transmis-
sion to neighboring sarcomeres. Electron microscopy of
heart tissue from a DCM patient with a tropomyosin-1
mutation revealed an abnormal sarcomere structure in
which the thin filaments were irregular and fragmented,
sarcomeres were also contracted with decreased dis-
tance between Z bands, and the sarcolemma had a scal-
loped appearance.* The prevalence of tropomyosin
mutations is low.%

4.3.1.8 Beta-Myosin Heavy Chain

Beta-myosin heavy chain (beta-MHC) is the principle
myosin expressed in the adult human ventricle, whereas
alpha-MHC is the primary myosin isoform found in
the atria. Beta-MHC is also expressed in slow skeletal
muscle, type I fibers. Human myosin mutations that
alter actin-binding residues cause DCM by diminishing
the power stroke of contraction. Other myosin muta-
tions that are located within the flexible fulcrum that
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transmits movement from myosin to the thick filament
could reduce transmitted force and cause DCM.?

The contribution of myosin mutations to DCM has
been increasingly appreciated and may account for
10% of DCM. The clinical manifestations of these
mutations are restricted to cardiac disease that can
present early in life or be quiescent until middle age.
Symptoms and left ventricular dysfunction appear to
be mild to moderate. In one report, slow progressive
AV and ventricular conduction defects were found.’

4.3.1.9 Titin

Mutations in the giant protein titin (also known as con-
nectin) cause DCM. Titin contributes to passive muscle
stiffness and myofilament calcium sensitivity and
serves as a scaffold for many molecules that regulate
cardiac contraction. DCM mutations in titin decrease
binding affinities of titin to Z-line proteins like T-cap/
telethonin and alpha-actinin.?® Due to its extremely
large size, genetic analyses of titin have been limited.
Two DCM families with titin mutations had only car-
diac disease, and no skeletal muscle involvement.'*

Other genes that encode sarcomeric proteins have
been associated with familial and sporadic cases of
DCM. These genes are Cypher gene (LDB3), alfa-
actinin gene (ACTN?2), and the CSRP33

4.3.2 Nuclear Envelope Proteins

4.3.2.1 LaminA/C

Lamin A/C encodes an inner nuclear membrane pro-
tein that interacts with emerin and other molecules.
Lamin A/C is essential for maintenance of nuclear sta-
bility and human mutations in this protein may render
cells more susceptible to mechanical forces. Given the
constancy of myocardial contraction, lamin A/C muta-
tions may be particularly deleterious to myocytes.
Lamin A/C mutations cause DCM that is charac-
terized by high penetrance, adult onset, heart failure,
conduction defects, arrhythmias, sudden cardiac death,
and substantial premature mortality.*® These mutations
cause dominant DCM and account for at least 33%
of the familial DCM and 0.5-5% of all DCM with
conduction disease and bradycardia in the western

populations.>>® Lamin A/C mutations can also cause
Emery-Dreifuss muscular dystrophy, which has its
onset in childhood and is characterized by joint abnor-
malities, conduction disease, and arrhythmias.

A distinct histopathology is found in hearts with
lamin A/C mutations. There is fibrofatty degeneration of
the myocardium and marked involvement of the atrio-
ventricular node and conducting cells. A similar situa-
tion is found in skeletal muscles in patients with Emerin
mutations. The marked atrioventricular node pathology
in lamin A/C mutations accounts for the presence of
electrophysiologic deficits (progressive atrioventricular
block and atrial arrhythmias) found in these patients.

Due to the high prevalence of lamin A/C mutations
in idiopathic DCM and the poor prognosis of symp-
tomatic carriers, systematic mutation screenings have
been recommended.'”>* It has recently been confirmed
that prophylactic therapy with an implantable cardio-
verter-defibrillator prevents sudden death in these
patients more efficiently than pacemaker implantation.
This might also hold for asymptomatic carriers of the
mutation.

4.3.2.2 Thymopoietin

Thymopoietin is also known as lamina-associated pro-
tein (LAP2), and like lamin, contributes to the mainte-
nance of nuclear integrity and nuclear functions. In a
family with DCM, a mutation was found, which altered
interaction with LAP2 and lamin A.® Some patients
with a mutation in the thymopoietin gene have severe
DCM without signs of skeletal muscle disease. The
finding that thymopoietin mutation results in DCM
underlines the pivotal role of nuclear functions in the
pathogenesis leading to myocardial dysfunction.

4.3.3 Cytoskeletal Proteins

4.3.3.1 Desmin

Desmin is a muscle-specific intermediate filament pro-
tein that participates in maintaining the structural and
mechanical integrity of the contractile apparatus in
muscle tissues.”’” Mutations in the gene encoding
desmin may impair normal force transmission during
muscular contraction. Mutations that are found in the
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tail domain of the molecule may disrupt intercalated
discs, whereas mutations found in the head domain
may cause defects in Z-disc binding.*

Patients with desmin mutations have both cardiac
and extracardiac manifestations. In addition to DCM,
patients may develop progressive distal-onset skeletal
myopathy and respiratory insufficiency.'® The histopa-
thology of skeletal or cardiac tissue with these muta-
tions may show cytoplasmic aggregates of desmin,
which may suggest the diagnosis.

4.3.3.2 Dystrophin

The dystrophin gene is located on chromosome X and
encodes a protein that is crucial for the formation of the
cytoskeleton. Dystrophin and related proteins including
sarcoglycans and laminin-2 make up the dystrophin-
associated glycoprotein complex, which plays a crucial
role in the transmission of force from the sarcomere and
the plasma membrane to the extracellular matrix.*
Dystrophin mutations produce Duchenne muscular dys-
trophy (DMD) or Becker muscular dystrophy (BMD) in
male subjects. In addition to these skeletal myopathies,
patients also develop delayed onset of cardiomyopathy.
In a minority of cases, mental retardation can be found.
Severity of the disease due to these mutations is variable
as DMD has a high mortality rate in young patients,
whereas BMD is a milder disease. The onset of DMD
usually occurs before the age of 3 years and results in
physical impairment necessitating a wheelchair by the
age of 10 and death in the second decade, when a DCM
is present. The onset of BMD is often in the20s and30s
and survival to a relatively advanced age is frequent. The
incidence of DMD/BMD is 21.7/3.2 per 100,000 male
live births.*' In the Netherlands, the prevalence of DMD
at birth was estimated to be 1:4.215 male live births.*”

Both, DMD and BMD are X-linked inherited dis-
eases and are characterized by DCM and progressive
proximal muscular dystrophy with pseudohypertrophy
of the calves. High plasma levels of creatine kinase,
myopathic changes by electromyography, and myofi-
ber degeneration with fibrosis and fatty infiltration and
absence of dystrophin fibers on (heart) muscle biopsy
can be found in these patients. On the electrocardio-
gram specific abnormalities can be found (Fig. 4.3).
Even in female carriers of DMD en BMD, electrocar-
diographic abnormalities have been found in 41% and
27%, respectively (E.M.'®)
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Fig. 4.3 ECG from a patient with Duchenne’s muscular dystro-
phy (DMD) characterized by short PR interval, Q waves in infe-
rior and lateral leads, and inverted T waves in the lateral leads.
The extreme QRS axis is not specific for DMD (Courtesy of
W.G. de Voogt, M.D., Ph.D.)

In female mutation carriers, muscle weakness and
DCM can be found in 20%.'® Left ventricular dilata-
tion was present in 18% of these carriers.

In another study, it was shown that approximately
10% of the heterozygous females develop cardiomyo-
pathy even in the absence of muscular weakness.?!
Therefore, screening for left ventricular dilatation and
dysfunction is recommended in the female carriers of
these diseases.

Therapy in DMD/BMD patients consists of corti-
costeroids for skeletal muscle weakness, standard
pharmacologic treatment for heart failure, and nonin-
vasive ventilation in case of respiratory failure.
Currently, new therapies are studied which focus on
increase of dystrophin expression, increase of muscle
growth, and regeneration.

4.3.3.3 Sarcoglycans and Dystrophin-Associated
Glycoproteins

The dystrophin-associated glycoprotein complex (com-
posed of dystroglycans, delta- sarcoglycans, caveo-
lin-3, syntrophin, and dystrobrevin) provides stability
to the sarcomere and transmits force to the extracellular
matrix. Recessive mutations in a subset of these genes
cause DCM that is most often accompanied by skeletal
myopathy.

Mutations in the delta-sarcoglycan gene (SGCD)
cause mitochondrial aggregation resulting in patho-
logical vascular smooth muscle cell proliferation and
apoptosis.”’ Patients with delta-sarcoglycan muta-
tions develop cardiomyopathy that is usually, but not
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invariably, accompanied by skeletal muscular dystro-
phy.” In contrast, mutations in the beta- and gamma-
sarcoglycan cause both cardiomyopathy and skeletal
muscular dystrophy.

4.3.4 Mitochondrial DNA Mutations

Mitochondria are crucial for the energy metabolism of
the myocyte and mitochondrial mutations (which are
encountered in larger quantities due to inefficient
repair mechanisms in mitochondrial DNA) result in
syndromes characterized by multiorgan dysfunction
such as myopathy, encephalopathy, diabetes mellitus,
and lactic acidosis.

4.3.4.1 Genes Involved in Electrolyte
Homeostasis

SCN5A

SCNS5A gene encodes the cardiac sodium channel.
SCNS5A mutations lead to a loss in channel function
and may cause Brugada syndrome, the long QT syn-
drome, idiopathic ventricular fibrillation, and sick
sinus syndrome. In addition, other loss-of-function
mutations in SCN5A have been associated with ven-
tricular dilatation and dysfunction accompanied by
sinus bradycardia and atrial fibrillation."*

The linked molecular etiology of these different
clinical disorders is presumed to reflect the essential
role for ion homeostasis in ventricular function and the
notion that arrhythmias can directly remodel the myo-
cardium. The mechanisms by which similar or identi-
cal mutations in SCN5A lead to a variable expression
of heart disease, even within the same family, are still
unknown.

Phospholamban

Phospholamban is a critical regulator of cardiac relax-
ation. After contraction, calcium reuptake into the SR is
mediated by the Ca’*-ATPase pump (SERCAZ2a).
Phospholamban inhibits SERCA2 activity. Phos-
phorylation of phospholamban relieves this inhibition
and accelerates ventricular relaxation. Several human

mutations in phospholamban have been defined that
functionally cause constitutive inhibition of SERCA, and
delayed myocardial relaxation. Phospholamban mutations
cause severe DCM with rapid progression to heart fail-
ure. In addition, these patients have significant ventricu-
lar arrhythmias due to altered calcium homeostasis.™

4.3.5 Cardiac ATP-Sensitive
Potassium Channels

Cardiac ATP-Sensitive Potassium (KATP) channels
are protein complexes, which ensure the maintenance
of cellular and metabolic homeostasis such that the
reaction to stress is not harmful to the organism itself.
During high sympathetic stimulation, KATP channels
increase outward potassium current to offset the result-
ing calcium influx, thereby reducing the energy-
demanding myocardial calcium overload and avoiding
contractile dysfunction.

KATP channels contain an inwardly rectifying potas-
sium channel pore (Kir6.2), a regulatory SUR2A sub-
unit, and an ATPase-harboring ATP-binding cassette
protein. Human mutations in the regulatory SUR2A
subunit (encoded by ABCC9) cause DCM and heart
failure.’ These mutations directly result in calcium over-
load and contraction band necrosis. The clinical mani-
festations of human KATP mutations are DCM and
arrhythmias such as ventricular tachycardias.

4.3.6 DCM and Ventricular
Noncompaction Cardiomyopathy

Noncompaction Cardiomyopathy (NCCM) is a rare
form of DCM, characterized by incomplete compac-
tion of the left ventricle that occurs late in cardiac
embryogenesis. As a result, ventricular trabeculation
persists. These blood-filled deep intratrabecular
recesses impair ventricular function and predispose to
thrombosis. NCCM is associated with heart failure,
ventricular arrhythmias, and arterial thromboembo-
lism, and produces increased morbidity and mortality.

NCCM can be associated with other congenital
heart anomalies, including ventricular septal defects,
pulmonic stenosis, and atrial septal defects.!® The clin-
ical criteria for diagnosis in NCCM are subject to
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Table 4.5 Specific morphologic criteria for noncompaction cardiomyopathy (NCCM) by echocardiography and cardiac magnetic

resonance imaging (MRI)

Diagnostic modality Diagnostic criteria

General

Echocardiography?! 1.

Absence of coexisting cardiac abnormalities

Two layer structure (compacted thin epicardial band and a much thicker

noncompacted endocardial layer of trabecular meshwork)

~N Y L AW

. Left ventricular thrombi

. Maximum ratio of noncompacted to compacted myocardium>2:1
. Noncompaction predominantly localized in midlateral wall of left ventricle
. Deep perfused intertrabecular recesses (color Dopplerand/contrast echocardiography)

. Reduced global left ventricular systolic and diastolic function

. Abnormal papillary muscle structure

Cardiac magnetic resonance*® 1. Noncompaction in the apical and lateral segments

2. Ratio of noncompacted to compacted myocardium >2.3 during diastole
(sensitivity 0.86/specificity 0.99)

debate. Recently, criteria have been proposed for dif-
ferent diagnostic modalities as shown in Table 4.5.

NCCM can arise from defects in several different
genes, including genes that encode sarcomere protein
(beta-MHC, alpha cardiac actin, and cardiac troponin-T)
and in genes that encode G4.5 (Tafazzin), alpha-dystro-
brevin, FKBP-12-, lamin A/C- and LBD3/Cypher gene.*
In addition, a locus (chromosome 6p24.3-21.2) has been
associated with the NCCM phenotype. Due to the large
number of genes that are related to NCCM, screening for
mutations in NCCM families is labor intensive.

Treatment of NCCM includes management of heart
failure and arrhythmias, with particular attention to the
potential for thromboembolic events. Since the genet-
ics of NCCM have been diverse, the clinical impor-
tance of the screening of first-degree relatives of
affected patients is high.”

4.4 Therapy

At present, specific therapies for the different genetic
causes of DCM have not been evaluated in clinical
trials. Patients with asymptomatic and symptomatic
ventricular dysfunction due to an underlying gene
mutation should be treated according to the AHA/
ACC/ESC guidelines for heart failure treatment. As
DCM patients progress to heart failure, standard thera-
pies are used. These include beta-receptor blockers,

angiotensin-converting enzyme inhibitors, angiotensin
receptor blockers, aldosterone receptor blockers,
diuretics, anticoagulants when indicated, implantable
cardiac defibrillator, biventricular pacing to obtain car-
diac resynchronization, and surgical interventions as
valvular reconstruction and heart transplantation.
Recognition of the genetic basis for DCM has led to
the identification of mutation carriers who lack clinical
signs of ventricular dilatation. Serial evaluations on a
regular basis depending on severity and family history
of these individuals are warranted to prevent sudden
death and to initiate pharmacologic interventions when
ventricular dilatation emerges. A more provocative
issue is whether mutation carriers without clinical
manifestations might benefit from prophylactic thera-
pies to retard ventricular remodeling. While this con-
sideration remains a research question, knowledge of
genetic status poses the first clinical opportunity to
intervene early in DCM and to potentially limit ven-
tricular dysfunction and progression to heart failure.

4.5 Prognosis and Risk Stratification

The prognosis of DCM strongly depends on the pre-
cise gene mutation and interacting factors, including
modifying genes and environments. Our current under-
standing of these interacting factors is incomplete. As
such, prognosis and risk stratification are based upon
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Table 4.6 Gene mutations associated with high risk of sudden
cardiac death

Lamin A/C 12
Phospholamban 50
Tropomyosin-1 44
Tafazzin 8

Slow troponin-C 32

the clinical course of other affected family members
and clinical parameters.

Familial history and genetic data can provide infor-
mation regarding disease penetrance, age of onset, and
disease progression and severity. The presence of asso-
ciated phenotypes, including conduction system,
atrial- and ventricular arrhythmias, and thromboembo-
lic events will help to guide management and thera-
peutic strategy.

Genotype-phenotype correlations in some DCM
genes have demonstrated high prevalence of sudden
cardiac death and progression to heart failure
(Table 4.6). However, a publication bias should always
be taken into account when interpreting these data.
Genetic screening and counseling of families with
these genetic etiologies is particularly important.
Cardiac defibrillators may improve prognosis in a sub-
set of these patients.

4.6 Family Screening

The diagnosis of idiopathic DCM should prompt fam-
ily evaluation. When one or more first-degree rela-
tives are recognized to have DCM, a genetic etiology
should be considered. Construction of pedigrees will
help to delineate those at risk for disease. In addition
to cardiac findings, one should search for evidence for
overt or subclinical skeletal myopathy, conduction sys-
tem abnormalities, and arrhythmias. Drawing a pedi-
gree, however, is time consuming, and the accuracy of
medical and family history frequently questionable.
Moreover, assessment of the family history and pedi-
gree analysis does not seem to be routine for cardiolo-
gists. Van Langen and colleagues interviewed a cohort
of 643 Dutch cardiologists and it was shown that their
self-reported knowledge about cardiogenetics is low®
and not even half of them gave genetic counseling to

HCM patients (let alone DCM patients). A close col-
laboration between clinical geneticists and cardiolo-
gist probably adds great value to patient care.

Recognition of the considerable role for genetics in
DCM has prompted recommendations for screening.
These are reviewed in the AHA/ACC 2005 guidelines
and in more recent guidelines provided by the Heart
Failure Society of America. Both documents indicate
the importance of referral to a center with genetic
expertise for diagnosis and counseling. [http://circ.
ahajournals.org/cgi/content/full/112/12/e154] and
include the performance of echocardiography and
ECG in all first-degree family members.

Gene-based diagnosis of DCM is now clinically
available  on  http://www.ncbi.nlm.nih.gov/sites/
GeneTests and http://www.eddnal.com. Genetic test-
ing requires a peripheral blood sample from one
affected individual. Comprehensive screening of mul-
tiple DCM genes is simultaneously accomplished.
While this is costly, once a mutation is identified, fam-
ily members can be rapidly screened for the presence
or absence of a mutation at very low cost. Recently, a
DCM CardioChip™ test has been developed for effi-
cient mutation screening in DCM-related genes
(Fig 4.4). This commercially available chip uses
microarray-based sequencing technology and screens
the coding sequence and splice sites of 19 genes. In
addition, screening for gene mutations related to
ARVC is also available. The clinical sensitivity of this
test is expected to be greater than 30%.

Gene-based diagnosis precisely defines the etiology
for DCM in patients with clinically evident disease.
This knowledge may provide information about clini-
cal course and help to define the risk for associated
manifestations (such as development of conduction
system disease). In addition, knowledge of the causal
mutation in one affected individual provides the oppor-
tunity to accurately define the risk for DCM in all rela-
tives. When gene-based assessment reveals that a
family member has not inherited the DCM mutation,
subsequent clinical follow-up is unnecessary.

4.7 Summary

Multiple genetic defects have been shown to cause
DCM. DCM mutations occur in genes that encode pro-
teins involved in force transmission, force generation,


http://circ.ahajournals.org/cgi/content/full/112/12/e154
http://circ.ahajournals.org/cgi/content/full/112/12/e154
http://www.ncbi.nlm.nih.gov/sites/GeneTests
http://www.ncbi.nlm.nih.gov/sites/GeneTests
http://www.eddnal.com
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MYBPC3 DCM HCM LVNC
Laing Distal
MYH7 DCM HCM RCM LVNC Myopathy
TNNT2 DCM HCM RCM LVNC
TNNI3 DCM HCM RCM
TPM1 DCM HCM
ACTC DCM HCM
PLN DCM HCM
LDB3 DCM HCM LVNC
Conduction system . _—
LMNA DCM disease Laminopathies
DCM CHIP TAZ DCM Barth Syndrome
(19 genes)
(>30%) ACTN2 DCM HCM
vCcL DCM HCM
CSRP3 DCM HCM
TCAP DCM HCM
ABcCC9 DCM Arrythmias
CTF1 DCM
SGCD DCM Delta-
Sarcoglycanopathy
DES DCM RCM Desminopathy
Emery-Dreifuss
EMD DCM muscular dystrophy
(EDMD)
PKP2 ARVC
DSP DCM ARVC
ARVC
panel Dsc2 ARVC
DSG2 DCM? ARVC
TMEM43 ARVC

Fig. 4.4 DCM CardioChipTM test (Laboratory for Molecular Medicine Partners Center for Personalized Genetic Medicine, http://

www.hpcgg.org/lmm)

nuclear function, and calcium handling in the myocyte.
Disease manifestations, severity, and prognosis depend
on the precise disease gene mutation. However, the
clinical phenotype is also influenced by unknown
genes and environmental factors.

Genetic causes for DCM are common and should
be sought in patients with unexplained ventricular
dysfunction. Family history is the key to defining
genetic DCM and warrants prompt screening of first-
degree family members. With the availability of
gene-based diagnosis, molecular testing can provide
precise information that defines relatives at risk who

require follow-up evaluations. Equally important,
gene-based diagnosis can precisely define mutation-
negative family members who are not at risk for
developing DCM.

New DCM genes will undoubtedly be identified. As
the full repertoire of gene mutations in DCM and the
associated clinical information is compiled, the value
of knowing precise molecular cause will increase. As
translational research in DCM harnesses gene-based
diagnosis to identify and treat preclinical patients, the
opportunity to improve prognosis and to prevent heart
failure is expected to increase.


http://www.hpcgg.org/lmm
http://www.hpcgg.org/lmm
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Arrhythmogenic Right Ventricular
Dysplasia/Cardiomyopathy

From Desmosome to Disease

Moniek G.P.J. Cox and Richard N.W. Hauer

5.1 Introduction

Arrhythmogenic Right Ventricular Dysplasia/Cardiomy-
opathy (ARVD/C) is a disease characterized by progres-
sive fibrofatty replacement of primarily the right
ventricle (RV).'

Affected individuals typically present between the
second and fourth decade of life with arrhythmias
originating from the RV. However, ARVD/C can also
be the cause of sudden death already in adolescence,
mainly in athletes.* From autopsy studies, it is known
that already in young teenagers massive amounts of
fibrofatty tissue can replace major parts of normal
myocardium (Fig. 5.1).

The first series of ARVD/C 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.”' This
disease was initially thought to be a defect in RV devel-
opment, which is why it was first called “dysplasia.” In
the past 25 years, increased insight in the development
of the disease as well as the discovery of pathogenic
mutations involved, led to the current idea that ARVD/C
is a genetically determined “cardiomyopathy.”** The
molecular genetic era has provided new insight in the
understanding that ARVD/C is a desmosomal disease
resulting from defective cell adhesion proteins. The
first disease-causing gene, encoding the desmosomal
protein Plakoglobin (JUP), was identified in patients
with Naxos disease, an autosomal recessive variant
of ARVD/C.® Its discovery pointed research in the
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Fig. 5.1 Histology of right ventricle of a 13-year-old girl who
died suddenly during exercise. AZAN staining (400x) with car-
diac myocytes (red), collagen (blue), and adipocytes (white).
Shown is the typical pattern of arrhythmogenic right ventricular
dysplasia/cardiomyopathy (ARVD/C) with strands of fibrosis
reaching all the way to the endocardium. Bundles of cardiac
myocytes are embedded in between the fibrotic strands, particu-
larly in the subendocardial layers. These interconnecting bun-
dles of myocytes give rise to activation delay and re-entrant
circuits, the typical electrophysiologic substrate for ventricular
arrhythmias in ARVD/C. The large homogeneous subepicardial
area of adiposites is not arrhythmogenic, is not typical for
ARVD/C, and is also observed in the cor adiposum

direction of other desmosomal genes. Until 2004, evi-
dence for genes underlying the autosomal dominantly
inherited ARVD/C had been very limited, with three
genes and six loci being identified.”" The Desmoplakin
gene (DSP) was the first desmosomal protein gene to
be associated with the autosomal dominant form of
ARVD/C." It was followed by discovery of mutations
in Plakophilin-2 (PKP2), Desmoglein-2 (DSG2), and
Desmocollin-2 (DSC2), also components of the cardiac
desmosome.'*!® Impaired desmosomal function may
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result in disruption of the myocardial architecture,
leading to activation delay and thereby life-threatening
arrhythmias. In a few rare cases, autosomal dominant
ARVD/C has been linked to other genes unrelated to
the cell adhesion complex, i.e., the genes encoding the
cardiac ryanodine receptor (RyR2), the transforming
growth factor-Bf3 gene (TGFP3), and transmembrane
protein 43 (TMEM43).'3 41

With mutations found in about half of the patients,
mainly in desmosomal genes and PKP2 in particular,
classical ARVD/C is currently considered a geneti-
cally determined desmosomal disease.

This chapter will give an overview of ARVD/C,
starting from the genetic defects and via the pathophys-
iologic mechanism to clinical diagnosis, treatment,
and prognosis.

5.2 Molecular and Genetic Background

5.2.1 Desmosome Function

The functional and structural integrity of cardiac
myocytes is enabled by cell adhesion junctions in the
intercalated disk. Intercalated disks are located between
cardiomyocytes at their longitudinal ends and contain
three different kinds of intercellular connections: des-
mosomes, adherens junctions, and gap junctions.

Fig.5.2 Schematic
representation of the molecular

Desmosomes are important for cell-cell adhesion and
are predominantly found in tissues that experience
mechanical stress: the heart and epidermis. They couple
cytoskeletal elements to the plasma membrane at cell-
cell adhesions. Desmosomes also protect the other com-
ponents of the intercalated disk from mechanical stress
and are involved in structural organization of the interca-
lated disk. Desmosomes consist of multiple proteins,
which belong to three different families:

1. Transmembranous cadherins:
desmocollins

2. Linker armadillo repeat proteins: plakoglobin and
plakophilin

3. Plakins: desmoplakin and plectin

desmogleins and

Figure 5.2 schematically represents the organization of
the various proteins in the cardiac desmosome.

Within desmosomes, cadherins are connected
to armadillo proteins, which for their parts interact
with plakins. The plakins anchor the desmosomes to
intermediate filaments, mainly desmin. Thereby, they
form a three-dimensional scaffold providing mechan-
ical support.

Adherens junctions act as bridges that link the actin
filaments within sarcomeres of neighboring cells.
These junctions are involved in force transmission and
together with desmosomes, these mechanical junctions
act as “spot welds” to create membrane domains that
are protected from shear stress caused by contraction
of the neighboring cells. Furthermore, they facilitate

organization of cardiac
desmosomes. The plasma
membrane (PM) spanning
proteins Desmocollin-2 (DSC2)
and Desmoglein-2 (DSG?2)
interact in the extracellular
space at the dense midline
(DM). At the cytoplasmic side,
they interact with plakoglobin
(PG) and PKP2 at the outer
dense plaque (ODP). PKP2 and
PG interact also with
Desmoplakin gene (DSP). At
the inner dense plaque (IDP),
the C-terminus of DSP anchors
the intermediate filament
desmin. (Reprint with
permission from Van Tintelen

et al. Curr Opin Cardiol 2007%) DSC2

DSG2 PG

—_— D ) O >~

PKP2 DSP
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assembly and maintenance of gap junctions, securing
intercellular electrical coupling.

Cardiomyocytes are individually bordered by a
lipid bilayer, which gives a high degree of electrical
insulation. The electrical current that forms the impulse
for mechanic contraction can travel from one cell to
the other via gap junctions. Gap junctions provide
electrical coupling by enabling ion transfer between
cells. The number, size, and distribution of gap junc-
tions all influence impulse propagation in cardiac mus-
cle. Consequently, alterations in function or structure
of gap junctions can lead to intercellular propagation
disturbances and contribute to arrhythmogenesis.”

Thus, the intercalated disk is an intercellular struc-
ture, where desmosomes and adherens junctions not
only provide mechanical strength, but also protect the
interspersed gap junctions, enabling electrical cou-
pling between cells.

5.2.2 Desmosomal Dysfunction
and ARVD/C Pathophysiology

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 des-
mosomes, have been proposed.

First of all, genetic defects in a desmosomal protein
are thought to lead to impairment in mechanical func-
tion provoking detachment of myocytes at the interca-
lated disks, particularly under 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 (Figure 5.1), and
load mismatch. This results in marked activation delay,
which is the pivotal mechanism for re-entry and thereby
ventricular tachycardia (VT). Previous invasive electro-
physiologic studies have, by various mapping techniques,
confirmed that VT in patients with ARVD/C is due to
re-entry circuits in areas of abnormal myocardium.?! In
this structural model, environmental factors such as
exercise or inflammation from viral infection could

aggravate impaired adhesion and accelerate disease pro-
gression. The right ventricle might be more vulnerable
to disease than the left because of its thinner walls and
its normal dilatory response to exercise.

Second, recent studies have shown that impairment
of cell-cell adhesion due to changes in desmosomal
components may affect amount and distribution of
other intercalated disk proteins, including connexin43,
the major protein forming gap junctions in the ven-
tricular myocardium.?>** This was shown for DSP and
JUP by Western blotting and confocal immunofluo-
rescence techniques, but alterations in other desmo-
somal components such as PKP2, DSG2, and DSC2
are thought to have similar effects. Changes in num-
ber and function of gap junctions will diminish inter-
cellular electrical coupling. This may contribute to
intraventricular activation delay, and the substrate for
re-entry.

The third hypothesis involves the canonical Wnt/B-
catenin signaling pathway. Plakoglobin can localize both
to the plasma membrane and the nucleus. It was demon-
strated that disruption of desmoplakin frees plakoglobin
from the plasma membrane allowing it to translocate to
the nucleus and suppress canonical Wnt/B-catenin sig-
naling. Wnt signaling can inhibit adipogenesis by pre-
venting mesodermal precursors from differentiating into
adipocytes.” Suppression of Wnt signaling by plako-
globin nuclear localization could, therefore, promote the
differentiation to adipose tissue in the cardiac myocar-
dium in patients with ARVD/C.?

Finally, since ion channels, like the Na* channel, are
also located in the intercalated disk, they might be dis-
rupted and contribute to arrhythmogeneity as well,
although at this point this is hypothetical.

The pathophysiological mechanisms proposed
above are not mutually exclusive and could occur at
the same time.

5.2.3 Desmosomal Disease

Two patterns of inheritance have been described in
ARVD/C. The most common or classical form of
ARVD/C is inherited as an autosomal dominant trait.
The rare Naxos disease and Carvajal syndrome are
inherited autosomal recessively. Table 5.1 summarizes
the different genes involved in ARVD/C with the cor-
responding phenotypes.
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Table 5.1 Mutated genes with concurrent type of arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) (Modified

from Van Tintelen et al. Curr Opin Cardiol 2007%")
Gene

PKP2
DSG2
DSC2
JUpP
DSP

Desmosomal

Nondesmosomal RyR2

TGF-B
TMEM43

Naxos disease
Carvajal syndrome

Type of disease Inheritance trait

Typical ARVD/C Autosomal dominant
Typical ARVD/C Autosomal dominant
ARVD/C Autosomal dominant

Autosomal recessive
Autosomal recessive

ARVD/C Autosomal dominant
LDAC Autosomal dominant
CPVT Autosomal dominant
ARVD/C Autosomal dominant
Typical ARVD/C Autosomal dominant
ARVD/C Autosomal dominant

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

5.2.4 Autosomal Recessive Disease

In Naxos disease, the affected individuals were found to
be homozygous for a 2 base pair deletion in the JUP
gene.® All patients who are homozygous for this muta-
tion have diffuse palmoplantar keratosis and woolly
hair in infancy; children usually have no cardiac symp-
toms, but may have electrocardiographic abnormalities
and nonsustained ventricular arrhythmias.”® In an Arab
family, an autosomal recessive mutation in the desmo-
plakin gene caused ARVD/C, also combined with
woolly hair, and a pemphigus-like skin disorder.”” A dif-
ferent autosomal recessive disease, Carvajal syndrome,
is also associated with a desmoplakin gene mutation,
and is manifested by woolly hair, epidermolytic palmo-
plantar keratoderma, and cardiomyopathy.* The cardio-
myopathy of Carvajal syndrome was thought to have a
predilection for the left ventricle, but subsequent evalua-
tion of a deceased child revealed typical ARVD/C
changes in both ventricles.”* The cardiac phenotype in
the Arab family appeared to be classic ARVD/C.

5.2.5 Autosomal Dominant Disease

Mutations in the gene encoding the intracellular
desmosomal component desmoplakin lead to “clas-
sic ARVD/C” with a clinical presentation of VT,
sudden death, and LV involvement as the disease

progresses.'3¥3? Desmoplakin gene mutations have
also been associated with predominantly left-sided
ARVD/C and, as noted above, with autosomal reces-
sive disease.

Overall, mutations in the PKP2 gene are the most
frequently observed in ARVD/C. Figure 5.3 shows the
pedigree of a family with a PKP2 mutation. Incomplete
penetrance and clinical variability is well documented.
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Fig. 5.3 Pedigree of family with arrhythmogenic right ventricu-
lar dysplasia/cardiomyopathy (ARVD/C) and plakophilin-2
(PKP2) mutation. This figure shows the variability in penetrance
and clinical expression. Both the 72-year-old grandmother (1:2)
and 20-year-old grandson (II1:2) are free of any signs of disease,
despite carrying the mutation. The proband (II:1) was resusci-
tated at age 35, his brother (I:2) died suddenly at age 18. Both
the proband’s sister (II:3) and daughter (III:1) were diagnosed
with the disease due to a positive family history, and RV struc-
tural abnormalities. The sister (II:3) of the proband has struc-
tural and ECG abnormalities, but no arrhythmias
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In four studies from different countries, analyzing 56 to
100 ARVD/C patients each, the following observa-
tions were made.'® ¥ PKP2 mutations were found in
11-43% of unrelated index patients who fulfilled diag-
nostic Task Force criteria (TFC) for ARVD/C. In the
current Dutch ARVD/C cohort, 67 of 125 (54%)
probands carry a pathogenic PKP2 mutation. In total,
21 different mutations have been observed: 10 non-
sense, 4 missense, 3 frameshifts, 2 at splice sites, and 2
deletions. Haplotype analysis previously performed
suggested that founder mutations were responsible for 4
of the 14 different mutations identified.*> Among index
patients with a positive family history of ARVD/C, 70%
had a PKP2 mutation.** No specific genotype—phenotype
correlations were established, except that patients with
PKP2 mutation presented at a younger age (28 vs.
36 years), and negative T waves in V1-3 occurred more
often in PKP2 mutation carriers. Thus, PKP2 appears
to be a relatively commonly mutated gene in ARVD/C
patients, particularly in cases with a documented family
history. However, there does not appear to be a substan-
tial phenotypic distinction from other mutations, and
due to relatively small sample sizes and the potential
for referral bias, the incidence of PKP2 mutations in a
broader population may be lower.

Because of the known association of ARVD/C with
defects in other desmosomal proteins, a series of
patients with ARVD/C were screened for mutations in
the gene encoding the transmembranous desmosomal
component DSG2 as well.”” Among 80 unrelated
probands, 26 were known to have DSP or PKP2 muta-
tions. Direct sequencing of DSG2 in the other 54
patients revealed nine distinct mutations in eight indi-
viduals. These individuals demonstrated typical clini-
cal characteristics of ARVD/C. An analogous study of
86 ARVD/C probands identified eight novel DSG2
mutations in nine probands. Clinical evaluation of
family members with DSG2 mutations revealed pene-
trance of 58% using Task Force criteria and 75% using
proposed modified criteria.** Morphological abnor-
malities of the right ventricle were present in 66% of
gene carriers, LV involvement in 25% and classical
right precordial T-wave inversion in only 26%. The
authors noted that disease expression of DSG2 muta-
tions was of variable severity, but that overall pene-
trance was high and LV involvement prominent.”’

In the gene encoding DSC2, another important
transmembranous desmosomal cadherin, two heterozy-
gous mutations (a deletion and an insertion) were

identified in 4 of 77 probands with ARVD/C."® The
identification of the fifth desmosomal cell adhesion
gene abnormality further supports the hypothesis that
ARVC is usually a disease of cell adhesion.

5.2.6 Other, Nondesmosomal, Genes

Mutations in the gene encoding the cardiac ryanodine
receptor RyR2, which is responsible for calcium release
from the sarcoplasmic reticulum, have been described
in only one Italian ARVD/C family."* Affected patients
have exercise-induced polymorphic VT.*® Mutations in
RyR?2 have primarily been associated with familial cat-
echolaminergic polymorphic VT without ARVD/C."-¥
RyR2 mediates the release of calcium from the sarco-
plasmic reticulum that is required for myocardial con-
traction. The FKS506 binding protein (FKBP12.6)
stabilizes RyR2, preventing aberrant activation. The
mutations in RyR?2 interfere with the interaction with
FKBP12.6, increasing channel activity under condi-
tions that simulate exercise.” Although the general
opinion is that RyR2 mutations lead to catecholaminer-
gic polymorphic VT, without structural abnormalities,
the mutations in ARVD/C have been advocated to act
differently from those in familial polymorphic VT
without ARVD/C.*+

Transforming growth factor-f3-3 (TGFB3) regulates
the production of extracellular matrix components and
modulates expression of genes encoding desmosomal
proteins. Its gene has been mapped to chromosome 14.
Sequencing studies failed to identify any disease-
causing mutations in the exonic regions of TGF[33.
This led to screening of the promoter and untranslated
regions, where a mutation of the TGF[33 gene was
found in all clinically affected members of a large fam-
ily with ARVD/C." The mutation is predicted to pro-
duce an amino acid substitution in a short peptide with
an inhibitory role in TGFfB3 regulation. The implica-
tion of these observations is that regulatory mutations
resulting in overexpression of TGFB3 may contribute
to the development of ARVD/C in these families. The
TGFp family of cytokines stimulates production of
components of the extracellular matrix. It is therefore
possible that enhanced TGFJ activity can lead to myo-
cardial fibrosis. However, genetic analysis of two other
families with ARVD/C failed to identify mutations in
any of the regions of the TGF[3 gene.
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A missense mutation in the TMEM43 gene was
found in 15 unrelated ARVD/C families from a geneti-
cally isolated population in New Foundland and caused
a fully penetrant, sex-influenced, high-risk form of
ARVD/C."” The TMEM43 gene contains the response
element for PPAR gamma, an adipogenic transcrip-
tion factor. The TMEM43 gene mutation is thought to
cause dysregulation of an adipogenic pathway regu-
lated by PPAR gamma, which may explain the fibro-
fatty replacement of myocardium in ARVD/C
patients.

5.3 Epidemiology

Estimations of the prevalence of ARVD/C in the gen-
eral populations vary from 1:2,000 to 1:5,000.* The
exact prevalence of ARVD/C, however, is unknown
and is possibly higher because of the existence of many
nondiagnosed or misdiagnosed cases.

The disease appears to be especially common in
adolescents and young adults in northern Italy,
accounting for approximately 11% of cases of sudden
cardiac death overall and even 22% in athletes.*** In
as many as 20% of sudden deaths occurring in people
under 35 years of age, features of ARVD/C were
detected at postmortem evaluation.® In nearly half of
them, no prior symptoms had been reported. In con-
trast, ARVD/C has rarely been diagnosed in the
United States. Founder mutations have been identi-
fied, e.g. in the Netherlands, and these could in part
explain the difference in prevalence in different geo-
graphical areas.

ARVD/C has a reduced penetrance and extremely
variable clinical expression. For instance, family
screening has identified pathogenic mutation carriers,
who had stayed free of any sign of disease up to over
70 years of age (Fig. 5.3).

Although from a genetic point of view, both men
and women have to be equally affected, men are more
frequently diagnosed with ARVD/C than women, with
an approximate ratio of 3:1. However, as many women
as men do show at least some signs of disease, but
women more often do not fulfill enough criteria to
meet the diagnosis. Factors explaining this difference
in severity of disease expression have not yet been elu-
cidated. It is speculated that (sports) activity or hor-
monal factors may play a role. A familial background
has been demonstrated in >50% of ARVD/C cases.

5.4 Clinical Presentation

ARVD/C patients typically present between the sec-
ond and fourth decade of life with VT originating from
the right ventricle. However, in a minority of cases
sudden death, possibly at a young age, or RV failure
are the first signs. Based on clinicopathologic and
patient follow-up studies, four different disease phases
have been described for the classical form of ARVD/C,
i.e., primarily affecting the RV (Table 5.2).

1. Early ARVD/C is often described as “concealed”
owing to the frequent absence of clinical findings,
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 follows, in which patients suffer
from palpitations, syncope, and ventricular arrhyth-
mias of left bundle branch block morphology, rang-
ing from isolated ventricular premature complexes
to sustained VT and ventricular fibrillation (VF).

3. The third phase is characterized by RV failure due
to progressive loss of myocardium with severe dila-
tation 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.

In the initially described classical form of ARVD/C,
the RV is primarily affected with possibly (in a later
stage) some LV involvement. Two additional distinct

Table 5.2 Different phases of disease severity

Phase Characteristics

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

However, risk of sudden death

2. Overt Symptoms due to LBBB
VT or multiple premature
complexes, with more obvious

structural RV abnormalities

3. RV failure With relatively preserved

LV function

4. Biventricular Significant overt

LV involvement
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patterns of disease have been identified by clinicoge-
netic characterization of families. These are the left
dominant phenotype, with early and predominant LV
manifestations, and the biventricular phenotype with
equal involvement of both ventricles. Recent immuno-
histochemical analysis of human myocardial samples
demonstrated that on a desmosomal level, both ventri-
cles are affected by the disease.” A marked reduction in
immunoreactive signal levels for Plakoglobin was
observed both in the right and left ventricle, independent
of genotype. This strengthens the idea that in essence,
ARVD/C is a biventricular disease. However, histologi-
cally and functionally overt manifestations of the dis-
ease usually start in the RV. The reason for this is still
unclear. The most advocated idea is that the thin-walled
RV is less able to withstand pressure (over)load when
the mechanical junctions have an impaired function.

5.5 Clinical Diagnosis

Diagnosis of ARVD/C can be very challenging and can
only be made when all other diseases causing VT epi-
sodes from the RV have been ruled out (see paragraph
on differential diagnosis). Although VF and sudden
death may be the first manifestations of ARVD/C,
symptomatic patients typically present between age 20
and 40 years with sustained VT with left bundle branch
block morphology, thus originating from the RV. The
occurrence of VT episodes is usually driven by adrener-
gic stimulation and starts mainly during exercise, espe-
cially competitive sports. ARVD/C is a disease that
shows progression over time, and may manifest differ-
ently according to the time of patient presentation.

The gold standard for ARVD/C diagnosis is the dem-
onstration of transmural fibrofatty replacement primar-
ily of right ventricular myocardium, determined at
surgery or postmortem. Predilection sites for these struc-
tural abnormalities are the so-called triangle of dysplasia
formed by the RV outflow tract (RVOT), the apex, and
the subtricuspid region. In daily clinical practice, this
definition of diagnosis is not usable. Even endomyo-
cardial biopsies have major limitations. Tissue sam-
pling from the affected often thin RV-free wall, directed
by imaging techniques or voltage mapping, is rather
straightforward, but is associated with a risk of perfora-
tion. Sampling from the interventricular septum is rela-
tively safe. However, the septum is histopathologically
rarely affected in ARVD/C. In addition, even in

potentially affected areas, histology may be classified as
normal because of the segmental nature of the lesions.
Finally, since subendocardial layers are usually not
affected in an early stage of the disease, histologic diag-
nosis may be hampered by the nontransmural nature of
endomyocardial biopsies.*®

Clinical diagnosis has been facilitated by a set of
clinically applicable criteria for ARVD/C diagnosis
defined by a Task Force in 1994.% Based on the evi-
dence available at that time, the Task Force included
six different groups of clinical criteria. Within these
groups, diagnostic criteria were 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 the ARVD/C diagnosis, i.e.,
two major, one major plus two minor, or four minor
criteria. From each different group, only one criterion
can be counted for diagnosis, even when multiple crite-
ria in one group are being fulfilled. Recently, these
1994 Task Force criteria have been revised. See Table
in Addendum.

Specific tests are recommended in all patients sus-
pected of ARVD/C. A 12-lead ECG, signal averaged
ECG (SAECG; when available), 24 h Holter monitoring,
exercise testing, and 2D-echocardiography should be
performed in all. When appropriate, more detailed ana-
lysis of the RV can be done by cardiac MRI or computed
tomography. Eventually, invasive tests are also available
for diagnostic purposes: endomyocardial biopsy, RV
cine-angiography, and electrophysiologic testing.

Table 5.3 gives an overview of the Task Force
Criteria (TFC).

5.6 ECG Criteria

Criteria on ECG changes have to be obtained in nor-
mal sinus rhythm and while off anti-arrhythmic drugs.
Furthermore, a complete right bundle branch block has
to be absent. ECG changes are detected in up to 90%
of ARVD/C patients.

5.6.1 Depolarization Abnormalities

As explained above, RV activation delay is a hallmark
of ARVD/C. This delay is conveyed by the criteria of
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Table 5.3 Diagnostic Task Force Criteria*

Factor Major criteria

Family History
at necropsy or surgery

ECG depolarization/conduction
abnormalities

ECG repolarization abnormalities

Arrhythmias

Global or regional dysfunction and

structural alterations bulging;

Severe dilatation and reduction of RV

Familial disease confirmed

Epsilon waves or localized prolongation
(>110 ms) of QRS complex in leads V -V,

RV akinetic or dyskinetic areas with diastolic

Minor criteria

Family history of premature sudden
death (age <35 years) due to suspected
ARVD/C

Family history (clinical diagnosis based
on present criteria)

Late potentials on signal-averaged ECG

Inverted T waves in right precordial leads
(V, and V,) in people aged >12 years and
in absence of right bundle branch block

VT with LBBB morphology
>1,000 premature ventricular complexes
in 24 h on Holter monitoring

Mild global RV dilatation or ejection
fraction reduction with normal LV
Mild segmental dilatation of RV

ejection fraction with no or mild LV

involvement (RV>LV)

Tissue characteristics of walls
endomyocardial biopsy

Fibrofatty replacement of myocardium on

epsilon waves or localized prolongation of the QRS
complex in VI-3 (>110 ms) and late potentials on
SAECG.

Epsilon waves are defined as low amplitude poten-
tials after and clearly separated from the QRS com-
plex, in at least one of V1-3 (Fig. 5.4).* This highly
specific major criterion is unfortunately observed in
only a small minority of patients.” '

Localized prolongation of the QRS complex in V1-3
>110 ms is also a major diagnostic criterion. In one

1 '

study, this was observed in as many as 70% of patients.
However, most reports give lower percentages.

The detection of late potentials on SAECG is the
surface counterpart of delayed activation or late poten-
tials detected during endocardial mapping in electro-
physiologic studies. They are frequently found in
patients with documented VT. However, these late
potentials can also be observed after myocardial infarc-
tion and other structural heart diseases, and due to this
lack of specificity were considered a minor criterion.
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For all criteria 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.>

5.6.2 Repolarization Abnormalities

Negative T waves in leads V1 up to and including V3
form the minor ECG criterion on repolarization abnor-
malities (see Fig. 5.4). They are the most frequently
observed criterion. In the initial series reported by
Marcus et al., this was detected in over 85% of cases.!
Subsequent studies have reported variable prevalences
of right precordial T wave inversion, ranging from
19% to 94%.%-5> The lower rates are often due to eval-
uation of family members, while higher rates are seen
in series consisting of unrelated index patients. T wave
inversion can be a normal feature of the ECG in chil-
dren and early adolescence. Therefore, this finding is
not considered pathogenic in persons aged 12 years
and younger. Similarly, negative T waves are not to be
judged in the presence of a right bundle branch block.

Although these negative T waves were observed
consistently in a series of evaluated ARVD/C patients,
T wave inversions in the right precordial leads can also
be observed in 1-3% of the healthy populations aged
19-45 years, and in patients with right ventricular
overload, such as major pulmonary embolism and
intracardial left to right shunt, or may develop follow-
ing intracranial hemorrhage as a sign of adrenergic
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response to the cerebral insult. Owing to this presumed
lack of specificity, T wave inversions were included as
a minor criterion.

5.6.3 Arrhythmias

Ventricular arrhythmias range from premature ventricu-
lar complexes to sustained VT and VF, leading to car-
diac arrest.’®>” Because of the origin in the RV, QRS
complexes of ventricular arrhythmias show a left bundle
branch block morphology. Moreover, the QRS axis gives
an indication of the VT origin, i.e., superior axis from
the RV inferior wall or apex and inferior axis from the
RV outflow tract (see Fig. 5.5). Patients with extensively
affected RV may show multiple VT morphologies.

VF is the mechanism of instantaneous sudden death
especially occurring in young people and athletes with
ARVD/C, who were often previously asymptomatic. In
this subset of patients, VF may occur from deteriora-
tion of monomorphic VT, or in a phase of acute disease
progression, due to acute myocyte death and reactive
inflammation.?

5.6.4 Global and/or Regional
Dysfunction and Structural
Alterations

Evaluation of RV size and function can be done by
various imaging modalities, including echocardiogra-
phy, magnetic resonance imaging (MRI), computed
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tomography, and/or cine-angiography. According to
the Task Force criteria, major criteria are defined as
presence of large a- or dyskinetic areas in the RV or
severe dilatation of the RV (RV larger than LV).* Less
severe abnormalities are considered minor criteria.
The Task Force criteria are unspecific, in the sense that
no definitions of severe compared with less severe had
been formulated. Although each of the different imag-
ing modalities mentioned can detect severe structural
abnormalities, the diagnostic value of each is less cer-
tain when evaluating mild cases of the disease. RV
cine-angiography has historically been considered the
gold standard to visualize RV structural abnormalities,
with a high specificity of 90%.* Compared to cine-
angiography, the noninvasive technique of echocar-
diography is widely used and serves as the first-line
imaging technique in evaluating patients suspected of
ARVD/C and in family screening. Especially with
improvement of echocardiographic modalities, like
three-dimensional echocardiography, strain and tissue
Doppler, sensitivity and specificity of echocardiogra-
phy have increased in the past years. Cardiac MRI is
advantageous, since it has the unique possibility of
visualizing the myocardium to characterize tissue
composition, by differentiating fat from fibrous tissue
by delayed enhancement. However, this technique is
expensive and not widely available and requires great
expertise to prevent mis- or overdiagnosis of ARVD/C.*
Also, in ICD-carrying patients, this technique cannot
be applied. Cardiac MRI has appeared to be the most
common cause of overdiagnosis and physicians should
therefore be very reluctant to diagnose ARVD/C when
structural abnormalities are only present on MRI.%!
Furthermore, it is important to note that the presence
of fat in the epi- and midmyocardial layers (without
fibrosis) is known as cor adiposum and should not be
considered diagnostic of ARVD/C.

5.6.5 Endomyocardial Biopsy

For reasons outlined earlier, undirected endomyocardial
biopsies are rarely diagnostic. However, it had been
included as a major criterion by the Task Force, since the
finding of fibrofatty replacement was considered to
strongly support any findings derived from other clinical
investigations. The rather vague description of any “fibro-
fatty replacement of myocardium,” had been further

studied and specified by the pathology department of
Padua, where histomorphometric parameters of myo-
cytes, interstitium, fibrous tissue, and fatty tissue were
evaluated. Diagnostic values indicating arrhythmogenic
right ventricular cardiomyopathy were presence of
<45% of cardiomyocytes, >40% fibrous tissue, and >3%
of fatty tissue with 67% sensitivity and 91% specificity
for at least one parameter.®

5.6.6 Family History

Already before the discovery of pathogenic mutations
underlying the disease, it was recognized that ARVD/C
often occurs in multiple members of the same family.
Having a family member with proven ARVD/C was
considered an increased risk for other family members
to get the disease as well, and was therefore included
as a minor diagnostic criterion. Also, sudden death of
a family member under the age of 35 years, presum-
ably but not proven to be due to ARVD/C-related
arrhythmias, is a minor criterion. Pathologic confirma-
tion of transmural fibrofatty replacement of the RV at
autopsy or after surgical resection is the gold standard
for ARVD/C diagnosis. Therefore, if this is diagnosed
in a relative, it is considered a major criterion in the
diagnosis of their relatives.

5.6.7 Discussion on Diagnostic Criteria

The current TFC are the essential standard for classifi-
cation of individuals suspected of ARVD/C. In addi-
tion, its universal acceptance contributed importantly
to unambiguous interpretation of clinical studies and
facilitated comparison of their results. However, past
years have shown that this set of criteria is very spe-
cific, but lacks sensitivity. From studies on larger num-
bers of patients and their family members, more insight
has been gained into the disease. This leads to the pos-
sibility of various modifications and extensions by
multiple groups.

A number of additional ECG markers have been
reported, mainly reflecting right ventricular activation
delay, including QRS and QT dispersion, parietal
block (QRS duration in V1-V3 exceeds the QRS dura-
tion in V6 by >25 ms), localized right precordial QRS



5 Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy 89

prolongation (QRS duration in leads V1+V2+V3/
V4+V5+V62>1.2). Recently, Nasir et al. demon-
strated that a prolonged (=55 ms) S-wave upstroke in
the right precordial leads correlates with disease sever-
ity and induction of VT during electrophysiological
studies.® Our group improved this criterion and intro-
duced prolonged terminal activation duration (TAD).”
Prolonged TAD is defined as>55 ms, 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 (Fig. 5.6). This new cri-
terion appeared to be more sensitive than all accepted
and proposed diagnostic criteria on activation delay.
Whereas other criteria were observed only in a minor-
ity, prolonged TAD was observed in as many as 71%
of patients studied. Furthermore, we observed that VT
with LBBB morphology and superior axis, and/or
multiple different VT morphologies were recorded in
67% and 88% of ARVD/C patients, respectively. All
three newly proposed additional criteria were highly
specific for ARVD/C as well. However, since most
markers have been deducted from ARVD/C-positive
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Fig. 5.6 Prolonged terminal activation duration (=55 ms from
nadir of S wave to end of depolarization)

patients selected on the basis of the TFC, the additional
diagnostic value still has to be evaluated in further pro-
spective studies.

Multiple groups attempted to provide better quantifi-
cation of normal and abnormal values of RV dimensions.
Both for echocardiography and MRI, right ventricular
dimensions of ARVD/C patients have been compared to
controls.® % Normal and cut-off values have been estab-
lished based on standard deviations, as was done by the
initial Task Force as well. The disadvantage of this
method is that the value at two standard deviations from
normal do not always represent the cutoff point optimal
with respect to sensitivity and specificity.

Currently, a modification of the complete set of the
1994 TFC is being created. The new TFC will differ
from the current ones, by including prolonged TAD and
electrical axis of VT, using quantification of RV dimen-
sions and have a role for results of genetic screening
(see Table in Addendum).

5.6.8 Modifications for Family Members

The same set of diagnostic TFC is applied whether it
concerns a proband or one of his family members.
Based on the experience of similar criteria in diagnos-
ing hypertrophic and dilated cardiomyopathies show-
ing that many relatives have phenotypic abnormalities
that, although “nondiagnostic,” are nevertheless indic-
ative of disease, a new set of TFC was proposed for
family members of ARVD/C patients.** Hamid et al.
reported that by using current TFC, familial disease
was observed in 28% of index patients.*® A further
11% of their relatives had minor cardiac abnormalities,
which, in the context of an autosomal dominant dis-
ease, are likely to represent early or mild disease
expression. They proposed that first-degree relatives of
patients with proven ARVD/C with a positive SAECG,
or a minor ECG, Holter, or echocardiographic abnor-
mality from the present diagnostic criteria should get
ARVD/C diagnosis as well. Furthermore, they advo-
cate that the frequency of ectopic activity accepted as
a marker of disease expression should be reduced from
1,000 to 200 ventricular premature complexes over a
24-h period. Hereby, they expect that disease classifi-
cation of family members will be improved. However,
because of the positive family history, family members
will already fulfill one of TFC, either major or minor,
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depending on the type of history. Therefore, they have
to fulfill fewer of the other criteria to get the ARVD/C
diagnosis. This can possibly lead to family members
being stigmatized unnecessarily, since having a posi-
tive family history indicates a higher risk to develop
ARVD/C, but does not change the degree to which
they are actually affected by the disease.

5.6.9 Nonclassical ARVD/C Subtypes

5.6.9.1 Naxos Disease

All patients who homozygously carry the recessive
JUP mutation for Naxos disease have diffuse palmo-
plantar keratosis and woolly hair in infancy; children
usually have no cardiac symptoms, but may have
ECG abnormalities and nonsustained ventricular
arrhythmias.”? The cardiac disease is 100% pene-
trant by adolescence, being manifested by symptom-
atic arrhythmias, ECG abnormalities, right ventricular
structural alterations, and LV involvement. In one
series of 26 patients followed for 10 years, 62% had
structural progression of right ventricular abnormali-
ties, and 27% developed heart failure due to LV
involvement.”® Almost half of the patients developed
symptomatic arrhythmias and the annual cardiac and
SCD mortality were 3% and 2.3%, respectively, which
are slightly higher than seen in autosomal dominant
forms of ARVD/C. A minority of heterozygotes have
minor ECG and structural changes, but clinically sig-
nificant disease is not present.

5.6.9.2 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 cardiomyopathy.”® All patients diagnosed so far
came from Ecuador. The cardiomyopathy part of
Carvajal syndrome was first thought to be mainly left
ventricular, with dilated left ventricular cardiomyopathy.
A number of the 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 hypertro-
phy, ventricular dilatation, and discrete focal ventricular
aneurysms. In the right ventricle in particular, focal wall

thinning and aneurysmal dilatation were identified in
the triangle of dysplasia.

5.6.9.3 Left Dominant ARVD/C (LDAC)

As mentioned earlier, the histologic process in classic
ARVD/C predominantly involves the RV and extends
to the LV in more advanced stages.’>>% %% In contrast,
patients with left-dominant arrhythmogenic cardiomy-
opathy (LDAC, also known as left-sided ARVD/C or
arrhythmogenic left ventricular cardiomyopathy) have
fibrofatty changes that predominantly involve the LV.%
Clinically, this disease entity is characterized by (infero)
lateral T-wave inversion, arrhythmia of LV origin, and/or
proven LDAC.

Patients presented with arrhythmia or chest pain at
ages ranging from adolescence to over 80 years. By
cardiovascular MRI, about one third of patients show
an LV ejection fraction <50%. Furthermore, MRI
with late gadolinium enhancement (LGE) of the LV
demonstrated late enhancement in a subepicardial/
midwall distribution. Similar to ARVD/C, some
patients with LDAC have desmosomal gene muta-
tions (see later).

5.7 Differential Diagnosis

Although diagnosis in an overt case of ARVD/C is
often not difficult, early and occasionally late stages of
the disease may show similarities with a few other dis-
eases. Especially differentiation 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 abnormali-
ties and no RV structural changes can be detected.
Furthermore, VT episodes have a single morphology
(LBBB morphology with inferior axis) and are usu-
ally not reproducibly inducible by premature extra-
stimuli at programmed stimulation during EP
studies.”® " In contrast, idiopathic RVOT VT may be
inducible by regular burst pacing and isoproterenol
infusion. It is important to differentiate idiopathic
RVOT VT from ARVD/C for several reasons. The first
is the known genetic etiology in ARVD/C whereas
RVOT tachycardia has not. Therefore, it has implica-
tions with regard to screening of family members. The
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prognosis of RVOT tachycardia is uniformly excellent
with sudden death occurring extremely rarely. Finally,
in contrast to ARVD/C, catheter ablation is usually
curative in idiopathic RVOT tachycardia.

Another disease mimicking ARVD/C is cardiac
sarcoidosis. Sarcoidosis is a disease with unknown eti-
ology, characterized by the presence of noncaseating
granulomas in affected tissues; mainly lungs, but heart,
skin, eyes, reticuloendothelial system, kidneys, and
central nervous system can also be affected. The prev-
alence of this condition varies between geographical
regions, and the disease may also be familial and
occurring in specific racial subgroups.’ Clinical symp-
toms of cardiac involvement are present in about 5% of
all patients with sarcoidosis. The clinical manifesta-
tions of cardiac sarcoidosis depend on the location and
extent of granulomatous inflammation and include
conduction abnormalities, ventricular arrhythmias,
valvular dysfunction, and congestive heart failure.
Myocardial sarcoid granulomas or areas of myocardial
scarring are typically present in the left ventricle and
septum of patients with this condition, yet the right
ventricle can be predominantly affected. A VT associ-
ated with right ventricular abnormalities can, there-
fore, result in diagnostic confusion, especially if there
is no systemic evidence of sarcoidosis. Patients can
present with clinical features similar to those of
ARVD/C including arrhythmias and sudden cardiac
death.” Cardiac sarcoidosis can only be diagnosed
definitively by endomyocardial biopsy, when granulo-
mas are visualized. To strengthen differentiation from
ARVD/C, gadolinium-enhanced MRI may be benefi-
cial by detecting located abnormalities in the septum,
which is typical for sarcoidosis but hardly ever seen in
ARVD/C. Active foci of sarcoidosis can be visualized
by positron emission (PET) scan. Therapy with corti-
costeroids is recommended for patients with a clear
diagnosis of cardiac sarcoidosis. Treatment aims to
control inflammation and fibrosis in order to maintain
cardiac structure and function.

Also, any other form of myocarditis has to be
excluded before diagnosis of ARVD/C can be made.
Myocarditis may arise from viral or other pathogen
exposure as well as toxic or immunologic insult. In gen-
eral, endomyocardial biopsy is required to distinguish it
from ARVD/C.

Especially in more advanced stages of the disease,
when LV ejection fraction drops below 50%, ARVD/C
may mimic dilated cardiomyopathy (DCM). Patients
with DCM usually present with heart failure or

thromboembolic disease, including stroke. It is
uncommon to have sustained ventricular tachycardia
or sudden death as the initial presenting symptom of
DCM. Therefore, in that case patients should be first
suspected to have ARVD/C.

5.8 Molecular Genetic Analysis

It is important to realize that ARVD/C diagnosis is
based on the clinical diagnostic TFC. To date, molecu-
lar information has not been incorporated into the diag-
nostic criteria. Mutations underlying the disease show
incomplete penetrance and variable clinical expression.
Some genetically affected patients can have no signs or
symptoms whatsoever, whereas no mutations can be
identified in a large minority of clinically diagnosed
patients. Therefore, DNA analyses will not be of any
consequence for the index patient, but can be used
to identify whether family members are predisposed to
disease development.

The strategy for genetic testing in ARVD/C is as
follows.

Individuals with clinical diagnosis of ARVD/C are
the first to be tested. The detection of a pathogenic
mutation does not make a diagnosis of ARVD/C. In
contrast, if no mutation can be identified in a patient
diagnosed with ARVD/C, the clinical diagnosis of
ARVD/C is still applicable. In case a pathogenic muta-
tion is identified in the proband, parents, siblings, and
possibly children of this patient can be subsequently
tested for the mutation concerned, via the cascade
method. When an (asymptomatic) relative is found to
carry a pathogenic mutation, cardiologic screening is
required at least biannually.

Table 5.1 shows the different genes related to
ARVD/C. Although numbers vary per country, PKP2
accounts for the large majority of mutations found.
Currently, DNA analysis on PKP2, DSG2, DSC2,
DSP, and JUP is recommended in all ARVD/C
patients.

5.9 Prognosis and Therapy

Although the prognosis of ARVD/C is considerably
better than that of sustained ventricular tachycardia
with left ventricular structural heart disease, ARVD/C
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is a progressive disease and will probably lead to right
ventricular failure in the long term unless sudden car-
diac death occurs. The death rate for patients with
ARVD/C has been estimated at 2.5% per year.”
Retrospective analysis of clinical and pathologic stud-
ies identified several risk factors for sudden death,
such as previously aborted sudden death, syncope,
young age, malignant family history, severe RV dys-
function, and LV involvement.”>”®

Electrophysiologic testing by programmed ventric-
ular stimulation can be useful for diagnostic purposes
by induction of multiple VT morphologies and VT
with LBBB morphologies and superior axis.”’
However, EP studies have proven not to be useful in
risk stratifying patients with ARVD/C. This was illus-
trated in the multicenter study of 132 patients with
ARVD/C in whom electrophysiologic study was per-
formed prior to ICD implantation.”” The positive and
negative predictive values of VT inducibility for sub-
sequent appropriate device therapy were only 49%
and 54%, respectively.

In addition to symptomatic treatment, prevention of
sudden death is the most important therapeutic goal in
ARVD/C. Most data available on effective treatment
strategies refer to retrospective analyses in single cen-
ters with only limited number of patients, of which
results are difficult to compare due to different patient
selections and treatment strategies. There is limited
data on long-term outcomes and no controlled ran-
domized trials have been performed. International reg-
istries are established, but have not yet reported results
on treatment.

Evidence suggests that asymptomatic patients and
healthy mutation carriers do not require any prophy-
lactic treatment. They should instead undergo regular
cardiologic check-ups including 12-lead ECG, 24 h
Holter monitoring, echocardiography, and exercise
testing for early identification of unfavorable signs. To
all patients diagnosed with or showing multiple signs
of ARVD/C as well as all mutation carriers, specific
life style advises have to be given, indifferent from
which additional therapeutic measures are taken.
Sports participation has been shown to increase the
risk of sudden death in ARVD/C patients fivefold.”
Furthermore, excessive mechanical stress, such as dur-
ing competitive sports activity and training, may aggra-
vate the underlying myocardial lesion and accelerate
disease progression. Therefore, patients with ARVD/C
have to be advised against practicing highly competi-

tive sports and sports with long endurance, like run-
ning marathons.

Therapeutic options in patients with ARVD/C
include anti-arrhythmic drugs, catheter ablation, and
implantation of cardioverter defibrillators (ICDs).

Patients with recurrences of ventricular tachycardia
have a favorable outcome when they are treated medi-
cally and therefore pharmacologic treatment is the first
choice. This concerns not only patients who have pre-
sented with sustained VT, but also patients and family
members with nonsustained VT or >500 ventricular
extrasystoles on 24-h Holter monitoring. Since ventri-
cular arrhythmias and cardiac arrest occur frequently
during or after physical exercise or may be triggered by
catecholamines, anti-adrenergic 3-blockers are recom-
mended. Sotalol is the drug of first choice. Alternatively,
other B-receptor blocking agents, amiodarone and fle-
cainide, have all been reported as useful. Efficacy of
drug treatment has to be evaluated by serial Holter
monitoring and/or exercise testing. This strategy has
proven to have better long-term outcome than standard
empirical treatment (Fig. 5.7).”

Fig. 5.7 Magnetic resonance imaging (MRI) image of arrhyth-
mogenic right ventricular dysplasia/cardiomyopathy (ARVD/C)
patient at the end of systole. Dyskinetic bulgings are clearly vis-
ible in the right ventricle (RV) free wall
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Catheter ablation is an alternative in patients who
are refractory to drug treatment and have frequently
recurring VT episodes with predominantly a single
morphology. In addition, catheter ablation has been
shown to improve the effectiveness of pharmacologi-
cal treatment: 70% of patients may respond to anti-
arrhythmic agents to whom they were unresponsive
prior to ablation therapy.® Marchlinski et al. performed
VT ablation in 19 ARVD/C patients by use of focal
and/or linear lesions, in 17 of whom no VT recurred
during the subsequent 7 +22 months.®! In a series of 50
consecutive patients studied during 16 years, Fontaine
et al. reached a 40% success rate by radiofrequency
ablation after multiple ablation sessions, which
increased to 81% when fulguration was used addition-
ally.®> However, these successes have been reported by
single centers with highly experienced electrophysi-
ologists, and may not hold true in general practice.
Catheter ablation is usually considered as only pallia-
tive and not curative. In general, long-term success
rates are poor. Owing to disease progression, new VTs
with different morphologies will occur after a certain
period of time.®

Although anti-arrhythmic drugs and catheter abla-
tion may reduce VT burden, there is no proof from
prospective trials that these therapies will also prevent
sudden death. ICD implantation is indicated in patients
who are intolerant to anti-arrhythmic drug therapy and
who are at serious risk for sudden death. Implantation
of an ICD has to be considered in ARVD/C patients
with aborted cardiac arrest, intolerable fast VT, and
those with risk factors as mentioned above.

5.10 Summary

ARVD/C is most often a genetically determined dis-
ease characterized by fibrofatty replacement of myo-
cardial tissue. Clinically, it affects primarily the right
ventricle, but extension to the left ventricle occurs,
especially in more advanced stages of the disease.
Patients typically present between the second and
fourth decade of life with exercise-induced tachycar-
dias originating from the right ventricle. However, it is
also a major cause of sudden death in the young and
athletes.

Its prevalence has been estimated to vary from
1:2,000 to 1:5,000.

The causative genes encode proteins of mechanical
cell junctions (plakoglobin, plakophilin2, desmoglein,
desmocollin, desmoplakin) and account for interca-
lated disk remodeling. The classical form of ARVD/C
is inherited in an autosomal dominant trait, but shows
reduced penetrance and variable expression. The more
rare recessively inherited variants are often associated
with palmoplantar keratoderma and woolly hair.
Clinical diagnosis is made according to a set of Task
Force criteria, based on family history, depolarization
and repolarization abnormalities, arrhythmias with a
left bundle branch block morphology, functional and
structural alterations of the right ventricle, and fibro-
fatty replacement through endomyocardial biopsy.
Two-dimensional echocardiography, cine-angiography,
and magnetic resonance are the imaging tools for visu-
alizing structural/functional abnormalities. The main
differential diagnoses are idiopathic right ventricular
outflow tract tachycardia, myocarditis, and sarcoidosis.
Only palliative therapy is available and consists of anti-
arrhythmic drugs, catheter ablation, and implantable
cardioverter defibrillator. Young age, family history of
juvenile sudden death, overt left ventricular involve-
ment, ventricular tachycardia, syncope, and previous
cardiac arrest are the major risk factors for adverse
prognosis.
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Noncompaction Cardiomyopathy

Yvonne M. Hoedemaekers, Kadir Caliskan,
and Danielle F. Majoor-Krakauer

6.1 Introduction

Noncompaction of the left ventricle or noncompaction
cardiomyopathy (NCCM) is a relatively new clinico-
pathologic entity, first described by Feldt et al. in
1969.! NCCM is characterized by a prominent trabe-
cular meshwork and deep intertrabecular recesses
communicating with the left ventricular (LV) cavity,
morphologically reminiscent of early cardiac devel-
opment, and is therefore thought to be caused by an
arrest of normal embryogenesis of the myocardium.>3
Initial presentation includes congestive heart failure,
thrombo-embolic events, and (potentially lethal)
arrhythmias, including sudden cardiac death. NCCM
may be a part of a more generalized cardiomyopathy,
involving both the morphologically normal and the
predominantly apical, abnormal LV segments. The
cardiologic features of NCCM range from asymp-
tomatic in adults to severe congenital forms.*”’
Recently, NCCM was classified by the American
Heart Association (AHA) as a separate primary,
genetic cardiomyopathy, based on the predominant
myocardial involvement and genetic etiology.® The
European Society of Cardiology (ESC) considers
NCCM as unclassified, due to the lack of consensus
whether NCCM is a separate individual cardiomyopa-
thy or a nonspecific morphological trait that can be
found solitary or in combination with other forms of
cardiomyopathy like hypertrophic cardiomyopathy
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(HCM), dilated cardiomyopathy (DCM), or with con-
genital heart disease.” The majority of NCCM diag-
nosed in adults is isolated. Nonisolated forms of
NCCM are more frequent in childhood and may co-
occur with congenital heart malformations, or may be
part of a malformation or chromosomal syndrome.’
The combination of NCCM and neuromuscular disor-
ders is observed in adults as well as in children.

The majority of NCCM, isolated and nonisolated,
is hereditary and NCCM appears to be genetically
heterogenous.'™!" An important proportion of iso-
lated NCCM in children and adults has been associ-
ated with mutations in the same sarcomere genes that
are involved in HCM, DCM, and restrictive cardio-
myopathy (RCM).!° Absence of a genetic defect does
not preclude a genetic cause of NCCM. In approxi-
mately half of the familial NCCM, the genetic defect
remains unkown.!" Shared sarcomere defects and the
occurrence of HCM and DCM in families with
NCCM patients indicate that at least some forms
of NCCM are part of a broader cardiomyopathy
spectrum.

The literature differentially refers to this form of
cardiomyopathy as left ventricular noncompaction
(LVNC), noncompaction cardiomyopathy (NCCM),
noncompaction of the left ventricular myocardium
(NCLVM), left ventricular hypertrabeculation (LVHT),
spongiform cardiomyopathy, embryonic myocardium,
honeycombed myocardium, persisting myocardial sinu-
soids, myocardial dysgenesis, ventricular dysplasia, or
spongy myocardium. In analogy with the nomenclature
of hypertrophic (HCM) and dilated cardiomyopathy
(DCM), the term noncompaction cardiomyopathy is
preferable. Therefore, noncompaction cardiomyopathy,
abbreviated as NCCM, will be used in this chapter to
denote this entity.
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6.1.1 Definition

NCCM is defined by prominent trabeculations on the
luminal surface of the left ventricular apex, the lateral
wall, and rarely the septum in association with deep
recesses that extend into the ventricular wall, which
do not communicate with the coronary circulation. It is
associated with a clinical triad of heart failure, arrhyth-
mias, and/or thrombo-embolic events.'>!* Diagnosis of
NCCM relies on two-dimensional transthoracic echocar-
diography and/or cardiac magnetic resonance imaging
(MRI) (Table 6.1). Improvements in cardiac imaging
techniques have led to increased recognition and diag-
nosis of NCCM. Figure 6.1 displays echocardiographic
and cardiac MRI images of two NCCM patients, show-
ing the abnormal segmental trabeculations as the hall-
mark of this new entity.

Features of noncompaction observed in cardiologic
patients and normal controls illustrate the necessity of
defining criteria in order to differentiate accurately
normal physiological trabecularization from NCCM. "

Table 6.1 Echocardiographic diagnostic criteria for NCCM

I. Chin et al.?

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 NCCM 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."”

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 end-systolic NC/C ratio>2, measured at the
parasternal short axis

3. Color Doppler evidence of deep perfused intertrabecular
recesses

4. Absence of coexisting cardiac anomalies

III. Stollberger et al.'

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 color Doppler imaging

In 1990, the first diagnostic criteria for NCCM by
Chin et al. were derived from the observations made in
eight NCCM patients.> These diagnostic criteria
defined NCCM by the ratio of the distance from the
epicardial surface to the trough of the trabecular recess
(X) to the distance from the epicardial surface to the
peak of the trabeculations (Y), with ratio X/Y <0.5.

More than a decade later, Jenni et al. proposed
new diagnostic criteria for isolated NCCM, consist-
ing of four echocardiographic features: (1) an exces-
sively thickened left ventricular myocardial wall with
a two-layered structure consisting of a compact epi-
cardial layer (C) and a noncompacted 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) color-Doppler evidence of deeply perfused inter-
trabecular recesses; (4) absence of coexisting cardiac
anomalies. '

In 2002, Stollberger et al. proposed other diagnos-
tic criteria for NCCM, wherein the diagnosis was a
function of the number of trabeculations (>3) protrud-
ing from the left ventricular wall, apically to the papil-
lary muscles and visible in a single image plane with
obligatory perfusion of the intertrabecular spaces from
the ventricular cavity visualized on color-Doppler
imaging."

More recently, MRI criteria for NCCM introduced
by Petersen et al. indicated that a noncompacted/com-
pacted ratio (NC/C) of >2.3, measured in end-diastole,
can differentiate with sufficient sensitivity between the
normal variation of noncompaction of the LV in the
population, noncompaction in other cardiovascular
disorders, and NCCM.'¢

The most recent classification system of NCCM as
proposed by Belanger et al. (2008) included dividing
noncompaction into four categories (none, mild, mod-
erate, and severe) according to noncompaction to com-
paction ratio and the size of the noncompaction area."
This new classification scheme used the following cri-
teria: (1) absence of congenital heart disease, hypertro-
phic or infiltrative cardiomyopathy, and coronary
artery disease; (2) evidence of prominent trabecula-
tions in the apex in any view (noncompacted to com-
pacted ratio does notrequire to be >2); (3) concentration
of the noncompacted area in the apex; (4) blood flow
through the area of noncompaction.

The Jenni echo criteria have been the most conve-
nient to work with in daily clinical practice and have
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Fig. 6.1 (a, b) Cardiac MRI and echocardiography of a 43-year-old patient illustrating a two-layered myocardium with prominent
intertrabecular recesses

been most widely applied in studies. However, further
efforts to reach universal consensus with respect to the
diagnosis of NCCM are clearly needed. A disparity in
diagnosis has been observed when comparing the appli-
cation of three different sets of NCCM criteria (Chin,
Jenni, and Stollberger) in a cohort of 199 heart failure
patients; 79% fulfilled the Chin criteria, 64% fulfilled
the Jenni criteria, and 53% the criteria proposed by
Stollberger. In only 30% of patients, there was consen-
sus among the three criteria on the diagnosis. Moreover,
8.3% of normal controls fulfilled one or more criteria
with a higher prevalence in black controls.'*

For now, it is disputable whether any of these diag-
nostic criteria are sufficiently sensitive to diagnose
patients with mild noncompaction, and identify patients
who may benefit from careful surveillance. For instance,
in NCCM family studies, a substantial proportion of
(mostly asymptomatic) relatives showed mild to moder-
ate features of NCCM.!"" Longitudinal studies of mild
forms of NCCM will be needed to determine whether
the current diagnostic criteria are suitable for diagnosis
of family members in familial NCCM, or should be
adapted in analogy to the criteria proposed for diagnosis
of attenuated forms of familial HCM in relatives.

6.1.2 Pathology

6.1.2.1 Macroscopy

The noncompacted endocardial layer of the myocar-
dium comprises excessively numerous and prominent
trabeculations 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.'”'®
In a pathoanatomical study of NCCM, Burke et al.
described the morphology and microscopy of 14 pedi-
atric NCCM cases.'® The macroscopic appearance var-
ied from anastomosing trabeculae to a relatively smooth
endocardial surface, with narrow openings of the
recesses to the ventricular cavity. Three types of recess
patterns were distinguished: (1) anastomosing broad
trabeculae; (2) coarse trabeculae resembling multiple
papillary muscles; (3) interlacing smaller muscle
bundles or relatively smooth endocardial surface with
compressed invaginations, identified primarily micro-
scopically (Fig. 6.2). In this study, no morphological
differences were found between isolated and noniso-
lated NCCM. '8
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Fig. 6.2 NCCM gross pathology with a variety of NCCM pat-
terns: (a) Anastomosing broad trabeculae. (b) Coarse trabecu-
lae resembling multiple papillary muscles. (¢) Interlacing
smaller muscle bundles resembling a sponge. (d) Trabeculae

IRbaReinteninraER IR Y tinaduna

viewed en face. (e) Subtle NCCM on gross section, requires
histological confirmation (Reproduced from Burke et al.'*
With permission)
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Jenni et al. described pathology of seven adult
NCCM cases.!? The pathoanatomical localization of
the noncompacted myocardium corresponded to the
echocardiographic findings. Two patients also showed
involvement of the right ventricular apex.'?

In a review of published pathology of NCCM,
Stollberger et al. distinguished three particular mor-
phologic features of NCCM in adults and children: (1)
Extensive spongiform transformation of the LV. (2)
Prominent coarse trabeculations and deep recesses,
covered with endocardial tissue and not communicat-
ing with coronary arteries. (3) Dysplastic thinned myo-
cardium with excessive trabeculations."” The first
morphology was frequently associated with other car-
diac malformations, compared to the second and third.

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%.%°

6.1.2.2 Microscopy

Two patterns of myocardial structure in the superficial
noncompacted layer in NCCM have been described by
Burke et al.: (1) anastomosing muscle bundles forming
irregularly branching endocardial recesses with a stag-
horn-like appearance; (2) multiple small papillary
muscles, resulting in an irregular surface appearance
(Fig. 6.3).'"® In most patients, these patterns overlapped.
Endocardial fibrosis with prominent elastin deposition
was found in all 14 cases and subendocardial replace-
ment fibrosis, consistent with microscopic ischemic
infarcts, was present in 10.'8 Right ventricular involve-
ment was identified in six cases.'®

Histological examination in another study showed
that ventricular endocardium covered the recesses in
continuity with the LV cavity and identified ischemic
lesions in the thickened endocardium and the promi-
nent trabeculae.'? Interstitial fibrosis ranged from
absence to severe. No fiber disarray was identified in
any of these cases. Signs of chronic inflammation and

Fig. 6.3 Histological features in NCCMThe ratio of noncom-
pact versus compact myocardium is larger than 2. (a) Relatively
smooth endocardial surface (left) with anastomosing broad tra-
beculae. (b) Polypoid pattern of trabeculae; prominent fibrous
band separating the noncompact from the compact myocardium
(Reproduced from Burke et al.'®* With permission)

abnormalities of intramyocardial blood vessels were
present in some patients.'?

In one adult case report, abundant extracellular
matrix and myocardial fiber disarray were reported.?!

Freedom et al. proposed two criteria for the patho-
logical diagnosis of NCCM: (1) absence of well-formed
LV papillary muscles and (2) histological verification of
more than 50% penetration of invaginated endocardial
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recesses toward 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.?

6.2 Epidemiology

Estimates of prevalence of NCCM were derived from
large retrospective studies of patients referred for
echocardiography. Population studies for NCCM have
not been performed. In 1997 Ritter et al. identified
NCCM in 17 of 37,555 (0.045%) patients who had an
echocardiographic exam.” Similarly, in 2006 Aras et al.
reported a prevalence of 0.14% in over 42,000 patients
and in 2008 Sandhu identified definite or possible
NCCM in 13/4,929 (0.26%) patients referred for
echocardiography.”** Prevalence was much higher
(3.7%) in patients selected for a LV ejection frac-
tion<45%.” Depending on the diagnostic criteria
applied, even higher prevalence of NCCM (15.8% by
Belanger; 23.6% by Kohli) were reported recently,
indicating that NCCM may be more prevalent than pre-
viously indicated.!*!* A substantial proportion of indi-
viduals is asymptomatic, suggesting that true prevalence
of NCCM may be higher, because asymptomatic indi-
viduals may go unnoticed in the studies of cardiologic
patients.' 3 In a large study on childhood cardiomyop-
athies, NCCM was the most frequent cardiomyopathy
after DCM and HCM, with an estimated prevalence of
9% in pediatric cardiomyopathies.?

6.3 Etiology and Molecular Genetics

The etiology of NCCM is rapidly being unravelled as
more and more genetic defects in different genes are
found, indicating that NCCM is genetically heteroge-
neous. Causes for acquired NCCM are scarce. One
report suggested that candida sepsis was associated with
cardiologic features mimicking NCCM.” Currently,
genetic defects are identified in 42% of NCCM patients
(35% of adults and 78% of children)."® Most genetic
defects are inherited as autosomal dominant trait
(Table 6.2), with exception of rare genetic causes of syn-
dromal NCCM, predominantly diagnosed in children. A
small proportion of patients have a de novo mutation.

However, absence of a genetic defect does not exclude
a genetic etiology. By performing systematic cardiologic
family studies, it was shown that no genetic defect could
be found in approximately half of the familial forms of
NCCM, indicating that further studies are needed to find
additional genetic causes for NCCM."

There is evidence that some forms of NCCM are
part of a spectrum of cardiomyopathies, including
hypertrophic, dilated, and restrictive cardiomyopathy.
A shared etiology consisting of genetic defects in the
same sarcomere genes, sometimes even with identical
mutations, has been found in these types of cardiomy-
opathy. Co-occurrence of NCCM, HCM, and DCM
within families endorses a shared genetic susceptibil-
ity to these different forms of cardiomyopathy.'®!' The
phenotypic variability of cardiomyopathies within
families, including variability in age at onset and sever-
ity of clinical features, might be explained by addi-
tional modifying factors, additional genetic variants or
defects, or may depend on yet unidentified exogenous
or systemic factors.

6.3.1 Molecular Defects in NCCM

Isolated NCCM has been associated with mutations in
14 different genes (Table 6.2). Defects in sarcomere
genes have been identified to be the most prevalent
genetic cause occurring in 33% of all patients with iso-
lated NCCM.!! In two DNA studies in cohorts of approx-
imately 60 isolated NCCM patients, mutations were
identified in 17-41% of the patients depending on the
number and choice of analyzed genes.!** In the study
by Dooijes et al. of 56 patients, the yield was slightly
higher 41% in all and 50% in case of confirmed familial
disease."' In children with isolated NCCM, the yield of
testing for sarcomere genes was as high as 75%.'%!"
Over 40 different mutations in sarcomere genes
encoding thick (MYH?7), intermediate (MYBPC3), and
thin filaments (TNNT2, TNNI3, TPM1, ACTC) have
been described. In particular in MYH7, the most fre-
quent NCCM-associated gene, accounting for up to
21% of isolated NCCM (19% in adults and 25% in
children).!*?® Fifty percent of the MYH7 mutations
currently associated with NCCM cluster in the ATP-
ase active site of the head-region in the N-terminal part
of MYH7.1° This is an evolutionary well-conserved
region of MYH7. As the ATP-ase active site is required
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Table 6.2 Genes associates with noncompaction cardiomyopathy (NCCM)

Gene

ACTC1

CASQ2

DTNA
KCNH2

LDB3*

LMNA

MYBPC3

MYH7

PLN

SCNS5A

TAZ"

TNNI3

TNNT2

TPM1

Locus

15q14

1p13.3-pl1

18q12.1-q12.2
7q35-q36

10q22.2-q23.3

1q21.2

11pl1.2

14q12

6q22.1

3p21

Xq28

19p13.4

1932

15q22.1

Protein

a-Cardiac actin

Calsequestrin

a-Dystrobrevin

Potassium voltage-gated
channel, subfamily H,
member 2

LIM-Domain binding
protein

Lamin A/C

Cardiac myosin-binding
protein C

-Myosin heavy chain

Phospholamban

Sodium channel
type 5 a-subunit

Taffazin

Cardiac troponin |

Cardiac troponin T

A-tropomyosin

Other associated disorders

Hypertrophic and dilated cardiomyopathy
Congenital myopathy with fiber-type

disproportion

Catecholaminergic polymorphic ventricular

tachycardia

Hypertrophic cardiomyopathy

Long QT syndrome 2
Short QT syndrome

Dilated cardiomyopathy

Late onset distal myopathy

Myofibrillar myopathy
Dilated cardiomyopathy

Emery--Dreifuss muscular dystrophy

Lipodystrophy
Restrictive dermopathy
Werner syndrome

Hutchinson--Gilford Progeria
Limb girdle muscular dystrophy 1B
Charcot--Marie--Tooth 2B 1

Hypertrophic and dilated cardiomyopathy

Hypertrophic, dilated, and restrictive

cardiomyopathy
Myosin storage myopathy
Distal myopathy

Scapuloperoneal myopathy

Hypertrophic and dilated
cardiomyopathy

Long QT syndrome 3
Brugada syndrome
Sick sinus syndrome
Familial heart block

Paroxysmal ventricular fibrillation

Cardiac conduction defect
Dilated cardiomyopathy

Barth syndrome
Dilated cardiomyopathy

Hypertrophic, dilated,

and restrictive cardiomyopathy

Hypertrophic, dilated,
and restrictive
cardiomyopathy

Hypertrophic and
dilated cardiomyopathy

Reference

10,11,28,50

10,11

35,134
135

10,11,36, 134,136

10,11,61,62

10,11

10,11,28,29

10,11

137

10, 11,35, 134,136,
138-145
10,11

10,11,28

10,11

Except TAZ related disorders, all are autosomal dominantly inherited

*Cypher/ZASP
°G4.5
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for normal force production, impaired force generation
might play a role in the etiology of NCCM. Mutations
in this region have been associated with NCCM with or
without Ebstein anomaly.”? Other MYH7 mutations
(30%) were found in the C-terminal rod-region of the
MYH?7 protein that plays an important role in the for-
mation of the core of the thick filament. Mutations in
this region of the gene are more commonly associated
with skeletal myopathies. Relatively few cardiomyopa-
thy mutations are situated in this region.

Sarcomere mutations were common causes for
NCCM in adults as well as in children.'®!" Multiple or
compound/double heterozygous mutations were identi-
fied in 25% of the children and in 10% of the adult
NCCM patients.'” HCM complex genotypes have been
described in 7%.* In HCM, double heterozygosity for
truncating sarcomere mutations have been previously
associated with severe congenital forms mostly inher-
ited in an autosomal recessive mode.’'** In NCCM,
double mutations were associated with severe disease
in two children and were also observed in adults.'
Nonsarcomere genetic causes for isolated NCCM
include mutations in the calcium-handling genes calse-
questrin (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 (KCNH?2), and sodium channel type 5 (SCN5A)
genes. ¢ However, mutations in these genes were only
rare causes of NCCM in single families.”

The absence of a mutation in approximately half of
familial NCCM could be explained by phenotype
assignment errors, the involvement of other yet uniden-
tified genes, the presence of mutations in non-analyzed
gene sequences, and incomplete sensitivity of the
methods used."

6.4 Pathogenesis

Mutations in different genes associated with NCCM
affect different mechanisms in the cardiomyocyte leading
to changes that may individually cause NCCM or lead
to a common cellular disturbance resulting in NCCM.
Mutations in sarcomere genes may have their effect
through defective force generation (either by a domi-
nant negative mechanism where the mutant protein

acts as a “poison polypeptide” or by haploinsufficiency
resulting in less protein); mutated cytoskeletal proteins
may lead to a defective force transmission; myocardial
energy deficits may be the result of mutations in ATP-
regulatory genes and a fourth possible mechanism is
abnormal calcium homeostasis either due to changes
in calcium availability or myofibrillar sensitivity for
calcium.*®

The development of NCCM features might be a
compensatory response to dysfunction in one of these
mechanisms.

The variable phenotypic expression of (sarcomere)
gene mutations leading to different types of cardiomyo-
pathy has not been explained. The localization of the
mutations may partly explain phenotypic diversity.
Another theory is “dose-effect”; the extent of the defec-
tive mechanism may determine which phenotype devel-
ops. Third, there might be independent pathways leading
to the different cardiomyopathies. Finding identical
mutations in different phenotypes suggests a role for
additional factors, either environmental or molecular.

6.4.1 Isolated NCCM

The first hypothesis on the pathogenesis of NCCM
stemmed from observations that the morphology of
NCCM was reminiscent of the embryonic stages of
cardiac development. Consequently, it was postulated
that NCCM could be the result from an arrest of com-
paction of myocardial fibers.* Figure 6.4 illustrates
the striking resemblance between NCCM and the
physiological embryonic noncompaction in the 8th—
10th embryonic week. However, the possible mecha-
nisms causing the arrest remain unclear. Epicardium
derived cells are thought to play an important role in
myocardial architecture and in the development of
noncompaction.***" Mutations in genes involved in
myocardial genesis like peroxisome proliferator acti-
vator receptor binding protein (PBP), jumonji (JMJ),
FK506 binding protein (FKBP12), transcription fac-
tor specificity protein (Sp3), homeobox factor NKX2.5,
bone morphogenetic protein 10 (BMP10) lead to con-
genital NCCM in knock out mice.***¢ However, in
human NCCM, no mutations in these genes have been
described.
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Fig. 6.4 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 form-
ing the greater part of the ventricular wall thickness compared to
the extent of the compact layer. The trabecular layer becomes
compacted and forms the papillary muscles of the atrioventricu-
lar valves (asterisks) (Reproduced from Freedom et al.> With
permission)

Until now, there is very little insight into factors
that influence the variability in age at onset and sever-
ity of symptoms of NCCM, or any other familial form
of cardiomyopathy.

In the majority of patients, NCCM is diagnosed in
adulthood, similar to HCM and DCM, which are rarely
congenital.”*® Of course, it could be that in NCCM the
lesions detected in adult patients were present from
birth on, but remained unnoticed until symptoms devel-
oped and high-resolution cardiac imaging techniques
were applied. However, the detection of sarcomere
defects in NCCM patients may suggest otherwise,
since mutations in sarcomere genes are known to cause
late-onset HCM and DCM. Similarly, sarcomere muta-
tions might lead to late onset NCCM. Longitudinal
cardiologic studies of unaffected carriers of pathogenic
mutations are necessary to provide insight whether
noncompaction may develop later in life. The pathoge-
netic mechanism(s) of sarcomere defects in cardiomy-
opathies are not fully understood. It is possible that the
pathological myocardial changes in the adult onset sar-
comere related cardiomyopathies are caused by a com-
pensatory response to impaired myocyte function
resulting from mutations in the sarcomere genes.**

6.4.2 Nonisolated NCCM

NCCM has been observed in a number of neuromuscu-
lar disorders, metabolic and mitochondrial disease, con-
genital malformations, and chromosomal syndromes.
Some of these disorders may share pathogenetic
mechanisms with NCCM. Alternatively, NCCM 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 occasion-
ally coincide with NCCM without a mutual etiology.

6.4.3 Congenital Heart Disease

The co-occurrence of congenital heart disease and
noncompaction is predominantly observed in children.
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Tsai et al. showed that 78% of 46 children with NCCM
had a congenital heart defect.” The large number of
structural heart malformations reported in association
with noncompaction are presented in Table 6.3, indi-
cating that septal defects, patent ductus arteriosus, and
Ebstein’s anomaly are the most prevalent congenital
heart defects in NCCM.

Increasingly, congenital cardiac malformations (sep-
tal defects, Ebstein anomaly, patent ductus arteriosus,
Fallot’s tetralogy, aortic coarctation, and aortic aneu-
rysms) are being reported in familial cardiomyopathies
(HCM, DCM, and NCCM) linked to sarcomere muta-
tions, suggesting that these specific sarcomere defects may
have been involved in cardiac morphogenesis.'">*3-5* But

Table 6.3 Congenital heart disease associated with noncompaction cardiomyopathy (NCCM)

Congenital heart Proportion of CHD References
disease in NCCM In NCCM studies® Case reports

Aberrant origin of right/left subclavian 1/12 (8%) 1 146, 147

artery

Absent aortic valve 1 148

Anomalous pulmonary venous return 2/26 (8%) 18,146

Aortic coarctation 6/204 (3%) 7,11,113,146,149
Aortico-left ventricular tunnel 1 150

Aortic stenosis 2/46 (4%) 2 7,22,151
Aortopulmonary window 1721 (5%) 113

Atrial septal defect 22/135 (16%) 3 7,11,29,113,152,153
Atrio-ventricular diverticulum 1 154

Bicuspid aortic valves 3/64 (5%) 3 7,113,119, 155
Bicuspid pulmonary valve 1/14 (7%) 18

Cardiac aneurysms 4 81,156-158
Coronary ostial stenosis 1/14 (7%) 18

Cor triatriatum 1/46 (2%) 7

Dextrocardia 2/58 (3%) 1 1,7,146

Dextro malposed great arteries 1/12 (8%) 146
Dextroversion 1 159

Double inlet left ventricle 1/46 (2%) 7

Double orifice mitral valve 4 160-162
Double outlet right ventricle 1/54 (2%) 149

Ebstein’s anomaly 6/117 (5%) 10 7,11,153,163-168
Fallot’s tetralogy 1/71 (1%) 1 11,147
Hypoplastic left heart syndrome 3/54 (6%) 149
Hypoplastic right ventricle 3/58 (5%) 7,146
Isomerism of the left atrial appendage 4/66 (6%) 8 22,146, 149,169
Left-sided superior vena cava 1/46 (2%) 7

Mitral valve atresia 1 148

Mitral valve cleft 2/54 (4%) 1 149,158
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Table 6.3 (continued)

Congenital heart Proportion of CHD References

disease in NCCM In NCCM studies® Case reports

Mitral valve dysplasia 2/14 (14%) 18

Mitral valve prolaps 1/46 (2%) 7

Patent ductus arteriosus 16/182 (9%) 1 7,11,149,153

Persistent left superior vena cava 1/14 (7%) 1 18,157

Pulmonary atresia 6/125 (5%) 1 11,149,153

Pulmonary valve dysplasia 2/14 (14%) 18

Pulmonary stenosis 4/97 (4%) 1 11,18,146,153

Single ventricle 1/12 (8%) 1 146,170

Subaortic membrane 2/55 (4%) 149

Transposition of the great arteries 1/46 (2%) 1 7,171

Tricuspid atresia 2/54 (4%) 149

Tricuspid valve dysplasia 1/14 (7%) 18

Ventricular septal defect 23/218 (11 %) 3 1,7,11,18,113,146,
149,151,157

*Cumulative number of NCCM patients with congenital heart defect (CHD) described in one or more NCCM studies

since there is rarely more than one patient with a congeni-
tal heart defect, even in families with multiple cardio-
myopathy patients, the association of sarcomere defects
and heart defects still demands further exploration.

6.4.4 Neuromuscular Disease

Similar to HCM and DCM, NCCM has been associated
with neuromuscular disorders. Stollberger and Finsterer
identified NCCM-like morphological features in
Duchenne and Becker muscular dystrophy and in myo-
tonic dystrophy (see chapter neuromuscular disor-
ders).* % The gene mutated in Duchenne and Becker
muscular dystrophy is a part of the dystrophine com-
plex, a complex of muscle membrane associated pro-
teins, connecting the cytoskeleton to the surrounding
extracellular matrix and may also play a role in cell sig-
naling. The dystrophine gene is expressed in skeletal
and cardiac myocytes. A large proportion of patients
and also female carriers have cardiac symptoms, includ-
ing DCM.¥% Other genes previously associated with
neuromuscular disorders, like adult onset myofibrillar

myopathy (LDB3 or Cypher/ZASP), limb girdle muscu-
lar dystrophy (LGMD) (LMNA), scapuloperoneal myo-
pathy (MYH?7), myosin storage distal myopathy (MYH?7),
and Barth syndrome (7AZ) have recently been associ-
ated with isolated NCCM (Tables 6.1 and 6.4). ZASP,
lamin A and C, B-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 myopathy.
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 NCCM patients.!"*"%2 In one of them, there was
familial limb girdle muscular dystrophy (LGMD) as
well as DCM.! Over 200 mutations have been described
in LMNA, causing over 20 different phenotypes, includ-
ing isolated DCM, LGMD, Emery-Dreifuss muscular
dystrophy, Hutchinson—Gilford progeria, partial lip-
odystrophy, and peripheral neuropathy. For many of the
phenotypes, there is no clear genotype--phenotype cor-
relation, phenotypes may overlap, and different pheno-
types are associated with single mutations.®> Up to 25%
of patients with an LMNA mutation may remain cardio-
logically asymptomatic.®> The B-myosin heavy chain is
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Table 6.4 Neuromuscular disorders associated with noncompaction cardiomyopathy (NCCM)/hypertrabeculation

Neuromuscular disorders Gene Inheritance
Adenosine Monophosphate AMPD] AD
Deaminase 1 (MADA

deficiency)

Becker and Duchenne DMD XR
muscular dystrophy

Charcot-Marie-Tooth PMP22 AD
1A (HMSN IA)

Myotonic dystrophy I DMPK AD
Myotonic dystrophy II ZNF9 AD
Infantile epilepsy-encephal- ARX XR
opathy syndrome

(Ohtahara syndrome)

Limb girdle muscular LMNA AD
dystrophy 1B

Succinate dehydrogenase AR

deficiency

Features Reference

Exercise-induced myopathy, muscle 172
weakness, cramps; prolonged fatigue

after exertion; benign congenital

hypotonia

Muscle weakness and wasting;
hypotonia; waddling gait; pseudohy-
pertrophy; cognitive impairment;
cardiomyopathy; respiratory failure

55-57,132,173,174

Distal limb muscle weakness and 175
atrophy; distal sensory impairment

Myotonia; weakness; muscle 58,176,177
wasting; adult cognitive deteriora-

tion; cataract; arrhythmia

Muscle pain; myotonia; weakness 178

(proximal/deep finger/neck flexor);
cataract; cardiac conduction
abnormalities; palpitations;
tachycardia; hypogonadism; frontal
balding

Age-dependent epileptic encephal- 179
opathy with “burst-suppression” on
EEG; physical and mental retardation

Muscle weakness and wasting
restricted to the limb musculature,
proximal greater than distal

11,132

Encephalomyopathy; cardiomyopa- 180
thy; generalized muscle weakness;
cerebellar ataxia; optic atrophy;

tumor formation in adulthood

AD autosomal dominant, XR X-linked recessive, AR autosomal recessive

part of type II myosin that generates the mechanical
force needed for muscle contraction.

Tafazzins have no known similarities to other pro-
teins. Two regions of the protein may be functionally
significant, one serving as a membrane anchor and
soluble cytoplasmic protein and the other may serve as
an exposed loop, interacting with other proteins.

Table 6.4 presents a list of neuromuscular disorders in
which NCCM has been identified. In addition, one case
of noncompaction in a patient with Friedreich ataxia has
been reported.* Friedreich ataxia is associated with sym-
metric, concentric, hypertrophic cardiomyopathy.

6.4.5 Syndromes

NCCM can occur as part of a syndrome in combina-
tion 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 6.5 or one of the chro-
mosomal defects in Table 6.6 could be considered in
the differential diagnosis.

6.4.6 Mitochondrial

Mitochondrial disorders often lead to multi-organ dis-
ease, including central and peripheral nervous system,
eyes, heart, kidney, and endocrine organs. One of the
cardiac features observed in mitochondrial disease is
noncompaction cardiomyopathy. Cardiac features may
be the first or only feature in patients suffering from a
mitochondrial disorder. In a study of 113 pediatric
patients with mitochondrial disease, NCCM was
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Table 6.5 Syndromes associated with noncompaction cardiomyopathy (NCCM)/hypertrabeculation

Syndrome

Barth syndrome/3-
methylglutaconic
aciduria

Branchio-oto-renal
syndrome I/Melnick
Fraser syndrome

Congenital adrenal

hypoplasia

Contractural arachnod-
actyly/Beals syndrome

Cornelia de Lange
Syndrome I

Leopard syndrome

Melnick Needles
osteodysplasty

Nail Patella Syndrome

Gene

TAZ

EYAI

NROBI

FBN2

NIPBL

PTPNI1
RAF1

FLNA

LMXIB

Inheritance Features

XR

AD

XR

AD

AD

AD

XD

AD

Reference

Growth retardation, dilated cardiomyopathy, 35,37,134,
skeletal myopathy, intermittent lactic acidemia, 136,138—
granulocytopenia, recurrent infections 145

Long narrow face; hearing loss (sensory/conductive/mixed); 181
preauricular pits; microtia; cup-shaped ears; lacrimal

duct stenosis; cleft palate; bifid uvula; branchial

cleft fistulas/cysts; renal dysplasia/aplasia; polycystic kidneys;
vesico-ureteric reflux

Failure to thrive; hypogonadotropic hypogonadism; cryp- 66
torchidism; hyperpigmentation; primary

adrenocortical failure; adrenal insufficiency; gluco-
mineralocorticoid insufficiency; salt-wasting;

delayed puberty

Marfanoid habitus; micrognathia; frontal bossing; 182
crumpled ear helices; ectopia lentis; high-arched

palate; septal defects; bicuspid aortic valve; mitral

valve prolapse; patent ductus arteriosus; aortic root

dilatation; pectus carinatum; kypkoscoliosis; hip/knee/elbow
contractures; arachnodactyly; ulnar deviation

of fingers; talipes equinovarus; hypoplastic

calf muscles; motor development delay

Short stature; microcephaly; long philtrum; 113
micrognathia; low-set 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 2" and 3 toes; single transverse palmar

crease; cutis marmorata; hirsutism; low posterior hair

line; mental retardation; language delay; automutilation

Short stature; triangular face; low-set ears; 183
sensorineural hearing loss; hypertelorism; ptosis;

epicanthal folds; broad flat nose; cleft palate;

short neck; pulmonic stenosis; HCM; subaortic stenosis;

complete heart block; bundle branch block; winged

scapulae; hypospadia; absent/hypoplastic ovary; unilateral

renal agenesis; spina bifida occulta; dark lentigines

(mostly neck and trunk); café-au-lait spots

Short stature; micrognathia; large ears; hypertelorism; 184
exophthalmos; cleft palate; misaligned teeth; long neck;
mitral/tricuspid valve prolapse; NCCM; pulmonary hyperten-

sion; 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

Short stature; sensorineural hearing loss; ptosis; 185,186
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

(continued)
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Table 6.5 (continued)

Syndrome Gene Inheritance Features Reference
Noonan syndrome PTPNII AD Short stature; triangular face; low-set ears; hypertelorism; 187
KRAS downslanting palpebral fissures; epicanthal folds; myopia;
SOS1 micrognathia; high arched palate; low posterior hairline;
RAFI 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
Roifman syndrome XR Short-trunk dwarfism; long philtrum; strabismus; narrow 188
and downslanting palpebral fissures; long eyelashes; retinal
dystrophy; narrow upturned nose; NCCM; hepato-splenomeg-
aly; spondylo-epiphyseal dysplasia; eczema; hyperconvex
nails; hypotonia; (mild) mental retardation; hypogonadotropic
hypogonadism; recurrent infections; antibody deficiency
Syndromic HCCS XD Short stature; microcephaly; hearing loss; microphtalmia; 189,190
microphtalmia/MIDAS sclerocornea; cataract; iris coloboma; retinopathy; septal
syndrome defects; cardiac conduction defects; cardiomyopathy;
(MlIcrophtalmia, overriding aorta; anteriorly placed anus; hypospadia; linear
Dermal Aplasia, skin defects; corpus callosum agenesis; hydrocephalus; mental
Sclerocornea) retardation; seizures
AD autosomal dominant, XD X-linked dominant, XR X-linked recessive
Table 6.6 Chromosomal defects associated with noncompaction cardiomyopathy (NCCM)
Chromosomal defects Features Reference
Deletion
1p36 Microcephaly; sensorineural hearing loss; deep-set eyes; flat nose; 191-194

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

1q43-q43 Microcephaly; upslanting palpebral fissures; epicanthus, 195
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

5q35.1935.3 Facial hirsutism; synophrys; downslanting palpebral fissures; 196
atrial septal defect and patent ductus arteriosus; NCCM with
sick sinus syndrome and second degree heart block; feeding problems;
gastro-oesophageal reflux; joint hypermobility

22ql1.2 Velo-cardio-facial syndrome: short stature; microcephaly; 66
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

Numeric
4q trisomy/1q Senile-like appearance; narrow palpebral fissures; telecanthus; epicanthus; 197
monosomy broad nasal bridge; low-set ears; 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; 198
low-set ears; septal defects; patent ductus arteriosus
Polydactyly; overlapping fingers; mental retardation (severe); hypotonia; seizures
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Table 6.6 (continued)

Chromosomal defects Features

Trisomy 21 Short stature; bachycephaly; flat facial profile; conductive hearing loss; epicanthal
folds; upslant; iris brushfield spots; protruding tongue; congenital heart malforma-
tion; duodenal atresia; Hirschsprung disease; joint laxicity; single transverse
palmar crease; excess nuchal skin; mental retardation; hypothyroidism; leukemia
Microcephaly; hypertelorism; preauricular pits/tags; low-set ears; micrognathia,
long philtrum; septal defects; double aortic arch; clinodactyly; hypoplastic nails;
hemiatrophy; mental retardation

Turner syndrome: short stature; short webbed neck; low hair line; broad nasal
bridge; low-set ears; congenital heart defects: aortic coarctation; bicuspid aortic
valves; aortic dilatation; lymph-edema of hands and feet; renal abnormalities:
single horseshoe kidney; renal vascular abnormalities; delayed puberty; amenor-

Mosaic trisomy 22

45,X0

Reference

11,149

199

200,201

rhea; infertility; hypothyroidism
Loci

6p24.3-21.1

NCCM,; bradycardia; pulmonary valve stenosis; atrial septal defect; left bronchial ~ 153

isomerism; azygous continuation of the inferior vena cava; polysplenia; intestinal

malrotation
11p15

NCCM; mild pulmonary stenosis; mild mitral valve prolapse; atrial septal defect

202

identified in 13%.% Pignatelli et al. showed that 5 of
the 36 pediatric NCCM patients who underwent a
skeletal muscular biopsy, had morphologic and bio-
chemical evidence for a mitochondrial defect, includ-
ing a partial deficiency of complex I-III of the
mitochondrial respiratory chain.®® Mutations in mito-
chondrial DNA (mtDNA) and in nuclear DNA have
been identified in the mitochondrial disorders associ-
ated with NCCM.-¢°

6.4.7 Miscellaneous

NCCM has been described in patients with heterotaxy
with polysplenia, polycystic kidney disease, congeni-
tal adrenal hyperplasia, nephropathic cystinosis, and
myelofibrosis.! %707 Whether these co-occurrences
are coincidental or represent shared etiologies with
NCCM is unknown.

Among the possibly acquired forms of NCCM,
there are reports about an infectious cause.” Recently,
an etiologic role for macro- and microvascular abnor-
malities was suggested.” NCCM has also been
described in patients with coronary heart disease.’*’
Since coronary artery disease is a frequent disorder,
this association may well be coincidental. Aortic elas-
ticity was significantly altered in a group of 20 NCCM
patients (aortic stiffness index of 8.3+5.2).7

Microvascular abnormalities in NCCM including
decreased coronary flow reserve with wall motion
abnormalities in more extended regions of the myocar-
dium than the noncompacted area have been observed.”
In addition, several case studies reported hypoperfusion
of the noncompacted region in NCCM patients using
myocardial perfusion SPECT, positron emission tomog-
raphy, Thalliummyocardialimaging,orMRI.7>76.7%.80.82.83
It is thought that fibrosis, thrombus formation, hypoki-
nesis, and necrosis may be the underlying mechanisms
of hypoperfusion.”®- 7%

Other pathogenic hypotheses for NCCM include
adaptation to changes in the cardiovascular and/or hemo-
dynamic climate; myocardial dissection or tearing of the
inner layer of the cardiac muscle due to dilatation.'?

6.5 Clinical Aspects

Heart failure is among the most frequent presentations
of NCCM, followed by supraventricular and ventricu-
lar arrhythmias, including sudden cardiac death, and
thrombo-embolic events. However, as in other cardio-
myopathies, there is a great variability in presentation,
even within families, ranging from a fully asymptom-
atic course to severe heart failure necessitating cardiac
transplantation. The age of presentation is also highly
variable varying from prenatal and neonatal diagnosis
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to diagnosis at the age of 94 years.5!3- Prenatal
diagnostic imaging detects more often bilateral ven-
tricular hypertrophy/hypertrabeculations than the typi-
cal left ventricular morphologic changes observed
postnatally and in adults (unpublished observation).
The fourth to fifth decade is the median age for diagno-
sis in adult isolated NCCM, constituting a relatively
young population in adult cardiologic practice. Many
patients remain asymptomatic and may be detected due
to an asymptomatic heart murmur, or by chance by pre-
operative cardiac evaluation or medical assessment for
insurance or jobs or because they participated in cardio-
logic family screening, after a relative had been diag-
nosed with NCCM.'3 Symptomatic patients may
present clinical symptoms of dyspnea, fatigue (atypical)
chest pain, and/or (pre) syncope. NCCM may also pres-
ent as a peripartum cardiomyopathy.'+* Review of
the literature revealed a male to female ratio of almost
2:1." This gender difference cannot be fully explained
by the occurrence of X-linked forms of NCCM.
Different arrhythmias and conduction disorders
may occur in NCCM patients (Table 6.7). None of

Table 6.7 Arrhythmia and conduction disorders associated
with noncompaction cardiomyopathy (NCCM)

Arrhythmia/conduction disorders Reference
associated with NCCM

Atrial fibrillation 15,113,203
Atrioventricular nodal re-entrant 204
tachycardia

Bigemini ventricular 146

extra systole

Complete atrioventricular block
Complete left bundle branch block

Giant P-waves and focal atrial
tachycardia

Long QT syndrome 2

Narrow QRS complex

Persistent atrial standstill

Sick sinus syndrome

Sinus bradycardia
Supraventricular tachyarrhythmia
Ventricular fibrillation
Ventricular tachycardia

Wolff—Parkinson—White syndrome

1,158,205,206
109, 146
207

135

106,107,110

208

209

153,210
7,113,130, 146,211
106,205,212
7,779,106, 109,210
2,7,146,210,213

these arrhythmias is characteristic or pathogno-
monic for NCCM. Thrombo-embolic events may
include stroke (cerebrovascular event or transient
ischemic attack), peripheral embolism, and mesen-
terial thrombosis.

6.6 Differential Diagnosis

The definitive diagnosis of NCCM relies on the mor-
phological features of the LV myocardium, as defined
by an imaging modality, like echocardiography, MRI,
CT, or LV angiography. The variability in the extent of
physiological trabecularization may complicate dis-
tinction of NCCM from normal physiological left ven-
tricular 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 excessive segmental thicken-
ing (due to hypertrabeculation) like in NCCM and the
thickness of these physiological trabeculations does
not exceed the thickness of the compact layer. Also,
the area of noncompaction is larger in NCCM than in
physiological trabeculations. '

Secondary forms of (acquired) NCCM may be the
result of hypertension, chronic volume or pressure over-
load,” ischemic heart disease or extreme physical activ-
ity (i.e., athletes), leading to NCCM-like abnormalities.
These are referred to as pseudo-noncompaction cardio-
myopathy or an NCCM look-alike. Hypertensive
patients are diagnostically challenging, because of the
occurrence of LV hypertrophy due to hypertension.
Further studies are needed to confirm whether excessive
trabeculation is more prevalent in specific ethnic groups,
as suggested by one study.'*

Furthermore, dilated, hypertrophic, and ischemic
cardiomyopathy may be mistaken for NCCM or vice
versa, due to prominent trabeculations or abnormal
myocardial thickening. Candida sepsis with intramyo-
cardial abscesses and intramyocardial hematoma may
mimic NCCM.?" %9

The neuromuscular disorders, syndromes, and chro-
mosomal abnormalities mentioned earlier (Tables 6.3—
6.5) should be considered in the differential diagnosis
of nonisolated NCCM, especially when NCCM occurs
in patients with dysmorphism, growth retardation, or
skeletal muscle weakness.
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6.7 Therapy, Follow-up, and Prognosis

6.7.1 Therapy and Follow-up

Current guidelines for heart failure, arrhythmias, cardiac
resynchronization therapy, and ICD implantation for
primary and secondary prevention are applied for
NCCM.'™-1%2 B.Blockers and Angiotensin-converting-
enzyme (ACE) — inhibitors are the cornerstones of the
treatment in the presence of LV dysfunction and/or
arrhythmias. Establishing an expert consensus rapport,
similar to HCM, based on case reports, small cohorts
and clinical registries would be recommended since no
randomized trials or studies on management of NCCM
have been conducted, and clear-cut evidence-based clin-
ical guidelines for this disorder are therefore missing.'®
An important issue is the use of prophylactic antico-
agulants, in view of frequent thrombo-embolic events.
The early case reports and case series emphasized the
high risk of thrombo-embolism and advised routine
anticoagulation therapy. However, a review of 22 pub-
lications addressing the issue concluded that thrombo-
embolic events are rare in NCCM.'™ Fazio et al. came
to the same conclusion.'® Currently, in our hospital,
anticoagulation therapy is advised only in patients with
an ejection fraction less than 40% (cut off arbitrary),
paroxysmal or persistent atrial fibrillation and/or pre-
vious thrombo-embolic events.

Successful cardiac resynchronization therapy has
been described in several NCCM patients, leading to
left ventricular reverse remodeling and an increase in
left ventricular function.'%6-11

Heart transplantation has been performed in some
NCCM patients with severe heart failure!-23111-117
Left ventricular restoration surgery has been reported
successful in a single patient.'”® Treatment with an
implantable cardioverter defibrillator (ICD) will be
discussed further on.

The indication for cardiologic follow-up depends
on individual symptoms and cardiac abnormalities. In
asymptomatic patients with preserved LV function,
annual or biannual cardiologic follow-up is recom-
mended, including ECG and echocardiography. If nec-
essary, these could be extended with 24-h-Holter
monitoring and exercise-testing. When EF is below
50%, B-blocker therapy and ACE-inhibitors should be
prescribed, especially when NCCM is accompanied by
hypertension or arrhythmias.

6.7.2 Prognosis

Initially, NCCM was reported to have a grave progno-
sis. 23 1219.23.119-125 However, the application of new
imaging techniques allowing diagnosing NCCM in
asymptomatic individuals suggests that the first obser-
vations were influenced by selection of the most
severely affected individuals. It has become clear that
prognosis of NCCM is as variable as the prognosis in
other cardiomyopathies. Even in those with presenta-
tion in early childhood, gradual improvement in car-
diac function may be observed, although in others
evolvement to severe heart failure requiring heart
transplantation does occur.®8 992126127 Simjlarly, in
some adult patients a rapid deterioration of heart func-
tion occurs, whereas in others the disease remains sta-
ble up to old age.® Malignant arrhythmias leading to
sudden cardiac death and heart failure are the main
indicators of poor prognosis. 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.

6.8 Risk Stratification
and Indication for ICD

Patients at the highest risk for sudden death are patients
who previously experienced (aborted) cardiac arrest,
ventricular fibrillation, and sustained VF. Family his-
tory of sudden death, unexplained syncope (especially
during exercise), abnormal blood pressure response
during exercise tests, frequent premature ventricular
beats on the resting ECG, and /or nonsustained ven-
tricular tachycardia on Holter monitoring and signifi-
cantly impaired left ventricular function may be
considered 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.'?

Consensus and guidelines for prophylactic ICD
treatment in NCCM patients are also needed. Regular
ICD indications include primary and secondary pre-
vention. For secondary prevention, i.e., after a previ-
ous episode of aborted cardiac death or collapse due to
sustained VT or VF, current ICD guidelines advise
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ICD implantation. In the Rotterdam NCCM cohort of
67 patients, an ICD was indicated in 42% according to
the current ICD guidelines (n=28:21 primary and 7
for secondary prevention). After long-term follow-up,
appropriate ICD therapy occurred only in patients with
secondary prevention (n=3). Inappropriate ICD ther-
apy occurred in 33% of the patients with primary pre-
vention and in 29% of the patients with secondary
prevention.'?” In another study, follow-up of 12 patients
who received an ICD showed overall appropriate ther-
apy in 42% in primary and secondary prevention com-
bined.”*® In primary prevention, 25% of ICD therapy
was appropriate opposed to 50% in secondary preven-
tion.'* This accentuates the need for further research
of appropriate risk stratification of sudden cardiac
death in patients with NCCM.

6.9 Cardiogenetic Aspects

6.9.1 Molecular and Cardiologic
Family Screening

Familial NCCM has been estimated to occurin 18-71%
of adults with isolated NCCM, mostly consistent with
an autosomal dominant mode of inheritance, indicat-
ing the importance of informing and examining rela-
tives of patients with isolated NCCM.> !!:24.66.120.131-133
Since extensive family studies showed that the major-
ity of affected relatives are asymptomatic, cardiologic
evaluation should include all adult relatives irrespec-
tive of medical history. Obviously, taking a family his-
tory is by itself insufficient to identify familial disease,
given the high frequency of asymptomatic disease in
families.!" In families where a pathogenic mutation has
been identified, relatives can be offered predictive
DNA analysis. In families without a pathogenic muta-
tion, cardiac family screening remains the method of
choice to identify relatives at risk of developing symp-
tomatic cardiomyopathy, who may benefit from early
treatment.

Apart from NCCM, other cardiomyopathies may
co-occur within families, like hypertrophic and dilated
cardiomyopathy, so cardiac screening should aim at
identifying all cardiomyopathies. Cardiac screening of
relatives may show minor abnormalities not fulfilling
NCCM criteria, which may be difficult to differentiate

from normal physiologic trabecularization. Hypothe-
tically, these minor abnormalities might develop into
NCCM eventually. Longitudinal studies of patients with
mild NCCM features are needed to investigate the natu-
ral history of these forms of noncompaction.

6.9.2 Genotype-Phenotype Correlations

Molecular studies of NCCM have thus far shown that
there are few recurrent mutations.'® Therefore, it is dif-
ficult to establish genotype-phenotype correlations.
Additionally, intrafamilial phenotypic variability com-
plicates predictions based on an identified mutation.
Multiple (truncating) sarcomere mutations appear to
result in a more severe phenotype with childhood
onset.'!" 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 muta-
tion.!* ! These observations may indicate that the com-
bination of a sarcomere mutation and a nonsarcomere
mutation causes a less severe phenotype than when a
patient has two sarcomere mutations. Mutations in
DTNA and TAZ seem to transfer the strongest predis-
position to childhood onset NCCM.

6.9.3 Molecular Strategies

The proposed strategies for the molecular and cardio-
logic evaluation of NCCM are depicted in the flow-
chart in Fig. 6.5. Extensive genetic screening may lead
to the identification of a molecular defect in over 40%
of isolated NCCM patients and in half of these patients
an MYH?7 mutation is found.!* MYH7 gene sequencing
should be considered as an initial approach, being the
most prevalent cause for NCCM in adults and children.
Further molecular analyses of the other genes within
the NCCM spectrum, which quantitatively have a rela-
tively modest contribution to NCCM morbidity, may
be considered when no mutation in MYH7 can be iden-
tified. Sarcomere gene analysis is also warranted in
pediatric patients, given the high percentage of sar-
comere mutations in this group.’® When an adult or
pediatric patient is severely affected, screening for a
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Fig. 6.5 Flowchart for family
screening in NCCM * Including
unclassified variants; ** if
clinically indicated; *** earlier
when symptomatic

Clinical diagnosis NCCM proband

MYH7 (MYBPC3, TNNT2, TNNI3, TPM1, ACTC, PLN, CASQ2, LMNA, TAZ, LDB3)

Genetic counselling and DNA analysis

—

Pathogenic mutation

DNA inconclusive*

| }

Genetic counselling first-degree relatives (second-degree
on indication)

S

Predictive DNA analysis

No predictive DNA analysis

l

|

No mutation

Mutation

|

No further analysis

second molecular defect is advised, given the high fre-
quency of multiple mutations in NCCM.

6.10 Summary

NCCM is a relatively new, genetically heterogeneous,
cardiomyopathy. Clinical presentation and prognosis
range from asymptomatic disease with no or slow

l \4 v

Cardiac screening
Medical history, physical exam, ECG, echocardiography, X-ECG**,
Holter**

Normal Abnormal Inconclusive
MRI or contrast echo
v v
Abnormal Normal
v A,
Follow-up Exercise ECG / Holter Follow-up
(every 5 yrs***) Therapy and follow-up (every 5 yrs***)

progression, to severe disabling, rapidly progressive
cardiac failure. Initial presentation includes the triad of
heart failure (potentially lethal) arrhythmias and/or
thrombo-embolism. In adults, the majority of NCCM
is isolated.

The first clinical presentation of NCCM may occur
at all ages, even prenatally. In childhood, clinical fea-
tures are often more severe and NCCM is frequently
associated with congenital heart defects. The echocar-
diographic diagnostic criteria as proposed by Jenni
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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 NCCM population.

In as much as 41% of isolated NCCM, molecular
testing may yield a genetic defect, mostly in sarcomere
genes. The MYH7 gene is the most prevalent disease
gene. The nonisolated forms of NCCM are caused by
arange of different (rare) genetic defects. Until now, in
half of familial isolated NCCM, 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 NCCM may result from a wide range of
pathophysiologic mechanisms.

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

The genetic etiology of NCCM requires that patients
and their relatives are offered genetic testing and coun-
seling. This may include (predictive) molecular analy-
sis of relatives, when applicable, and/or cardiac
evaluation of at-risk relatives, even when they are as
yet asymptomatic.
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7.1 Introduction

Mitochondria are the major sites of energy production
in the cell as they harbor the process of oxidative phos-
phorylation (OXPHOS). OXPHOS is performed by
proteins at the mitochondrial respiratory chain, com-
prising complexes I-IV and adenosine triphosphate
(ATP) synthase (complex V). As the heart is an energy-
dependent tissue, mitochondria constitute 20-40% of
the cellular volume of cardiomyocytes. The mitochon-
drial energy production is under the genetic control of
both nuclear and mitochondrial genes. Mutations
within these genes may cause defects in oxidative phos-
phorylation and have severe consequences for those
organs which are heavily dependent on energy produc-
tion like the heart, the brain, and skeletal muscle.
Because myopathy is often one of the main presenting
symptoms, patients with mitochondrial diseases tend to
be seen primarily by neurologists and pediatricians.
However, the importance of mitochondrial disease in
cardiology is being more and more recognized, not
only because cardiomyopathy may be the only mani-
festation of mitochondrial disease (Fig. 7.1).
Mitochondrial DNA (mtDNA) is a circular double-
stranded genome of 16.5 kilobases, encoding 13 poly-
peptides of the respiratory chain subunits, 28 ribosomal
RNAs, and 22 transfer RNAs (tRNAs). All these mito-
chondrial gene products are used in the mitochondrion
for energy production, but apart from these, many other
components of the respiratory chain and regulatory
mitochondrial proteins are coded by nuclear genes.
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Mitochondrial myopathies can thus be caused both by
mutations in mtDNA as well as nuclear DNA. Therefore,
different modes of inheritance may be observed in
mitochondrial disease, as mtDNA is exclusively mater-
nally inherited, while nuclear DNA follows Mendelian
inheritance. The maternal inheritance of mtDNA is due
to the fact that the mammalian egg contains about
100,000 mitochondria and mtDNA, whereas the sperm
contains only in the order of 100 mtDNA.'

Mammalian mtDNA has a very high mutation rate
in comparison to nuclear DNA. Each cell contains
hundreds to thousands of mitochondria and each
mitochondrion contains several copies of mtDNA.
Mutations in mtDNA therefore result in heteroplasmy:
the presence of two or more different genomes (with
and without a mutation) in one cell, the proportion of
which may change over time as the mitochondria mul-
tiply and are randomly distributed over daughter cells
during cell division. Due to this process the proportion
of mutant mtDNA varies considerably between organ
systems and even within a specific tissue, resulting in
different phenotypes and marked variability in severity
and symptom patterns. The heart, central nervous sys-
tem, and the skeletal muscles are particularly vulnera-
ble to defects in energy metabolism, and therefore are
often involved in mitochondrial disease.

Phenotype—genotype correlation in mitochondrial
disease is complex: patients with the same clinical
syndrome do not always show the same mutation in
the mtDNA and, conversely, a single mutation can be
associated with different clinical syndromes.”

Many mutations in mtDNA may lead to cardiomyo-
pathy, mostly hypertrophic, but dilating cardiomyopa-
thy and left ventricular noncompaction are also
possible.? A list of known mutations leading to cardio-
myopathy is reviewed elsewhere and shown in
Table 7.1.* Besides mutations in the mtDNA, many
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Fig.7.1 A cardiomyocyte
demonstrating the high
numbers of mitochondria in
between the contractile
filaments

Table7.1 Specific mitochondrial DNA (mtDNA) point mutations
in cardiac disease (Adapted from Marin-Garcia*)

Gene Site Cardiac phenotype

tRNA mutations

Leu 3243 A->G DCM

Leu 3260 A->G Tachycardia, adult
onset

Leu 3303 C->T Fatal infantile CM

Leu 3254 C->G HCM

Leu 12997 T->C DCM

Ile 4300 A->G HCM, adult onset

Tle 4317 A->G Fatal infantile CM

Tle 4320 C->T Fatal infantile CM

Ile 4269 A->G CF at 18 year, adult
onset

Tle 4295 A->G HCM

Tle 4284 G->A CM

Lys 8363 G->A HCM

Lys 8334 A->G HCM

Lys 8269 A->G HCM

Lys 8348 A->G HCM

Gly 9997 T->C Ventricular
arrhythmia, HCM

Cys 5814 A->G HCM

Ala 5587 T->C DCM

Arg 10415 T->C DCM

Arg 10424 T->C Fatal DCM

rRNA mutations

12s 1555 A->G CM

16s 3093 C->G CM

eac e

Table 7.1 (continued)

Gene Site

Cardiac phenotype

Structural gene

mutations

Cytb 14927 A->G HCM

Cytb 15236 A->G DCM

Cytb 15508 C->G DCM

Cytb 15509 A->C Fatal postpartum CM

Cytb 15498 G->A Histiocytoid CM

(¢(0)1 6860 A->C DCM

CoI1r 7923 A->G DCM

COIII 9216 A->G DCM

ND5 14069 C->T DCM

ATPase6 8993 T->G Leigh syndrome/
HCM

DCM dilated cardiomyopathy, HCM hypertrophic cardiomyopa-
thy, CF cardiac failure

mutations in nuclear genes encoding mitochondrial
proteins may also cause cardiomyopathy. Some exam-
ples include mutations in the mitochondrial transport
protein frataxin leading to Friedreich’s ataxia with
hypertrophic cardiomyopathy and mutations in the
gene encoding the protein fafazzin, resulting in Barth
syndrome, an X-linked neonatal disorder characterized
by dilating cardiomyopathy, cyclic neutropenia, and
skeletal myopathy.

The best known cardiac manifestations of mito-
chondrial disease are mentioned in the Table 7.2.
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Table 7.2 Cardiac manifestations of mitochondrial disease

Hypertrophic (non-obstructive) cardiomyopathy
Dilated cardiomyopathy

Left ventricular noncompaction

Left ventricular hypertrophy

WPW-syndrome

Long QT-syndrome

Ventricular tachycardia

Left anterior hemiblock

Right bundle branch block

Total AV block

Mitral valve prolapse

Many mitochondrial disorders become manifest in
the first years of life. The frequency of cardiomyopa-
thy in mitochondrial disease has been reported to be
from 17% to 40% and the incidence of mitochondrial
cardiomyopathy in children and young adults is esti-
mated to be at least 1/50,000.>> Children with mito-
chondrial cardiomyopathy generally have an earlier
onset, more severe morbidity, and increased mortality
compared with children who have mitochondrial dis-
orders without cardiac involvement.® One study
showed that of the patients with cardiomyopathy 71%
died or underwent heart transplantation, in contrast to
26% in patients with mitochondrial disease without
cardiomyopathy.®

As mentioned before, cardiac involvement in mito-
chondrial disease is usually part of multisystem manifes-
tations of the disorders in oxidative phosphorylation. It is
important to realize, however, that isolated cardiac pathol-
ogy may be the presenting symptom in mitochondrial
disease. In one study, approximately 10% of patients
presented with symptoms of cardiac involvement,
defined as the presence of symptoms of heart failure, or
abnormalities on echo, ECG, or chest x-ray.” Recently,
a novel mutation in mtDNA (m.8528 T>C) was
described in four young patients presenting with an
isolated hypertrophic cardiomyopathy, further under-
lining OXPHOS defects as a potential cause of isolated
cardiomyopathy.®

In this Chapter, two syndromes will be described in
more detail: MELAS and Kearns—Sayre syndrome.

7.2 MELAS Syndrome

This is a multisystem clinical syndrome manifested by
mitochondrial encephalomyopathy, lactic acidosis,
and recurrent stroke-like episodes.® The most com-
monly described gene mutation causing MELAS syn-
drome is a mitochondrial adenine-to-guanine transition
at nucleotide pair 3243 (m.3243A > G) encoding the
mitochondrial tRNA®™W.> At least 29 other specific
point mutations have been associated with the MELAS
syndrome.'” These mutations lead to impaired oxida-
tive phosphorylation, resulting in the inability of the
mitochondria to produce sufficient ATP to meet the
energy needs of the cell. This causes a shift to lactate
production, which can be systemically noticed as
lactate acidosis.

Due to the variability in severity and symptoms and
the problems confirming the diagnosis, the incidence
of MELAS syndrome is difficult to assess. It is
estimated to be as common as neuromuscular diseases
like Duchenne muscular dystrophy (frequency 18 per
100,000)."

The clinical features of MELAS syndrome vary
widely, but almost all include stroke-like episodes before
40 years of age, encephalopathy characterized by sei-
zures, dementia, or both, and lactic acidosis. Although
age at onset may be high in some patients, most patients,
however, present with initial symptoms between 2 and
20 years of age.® Other symptoms related to MELAS
syndrome are hearing loss, migraine headaches, periph-
eral neuropathy, depression, learning disabilities, growth
failure, diabetes mellitus, gastrointestinal symptoms,
renal involvement, and myopathy.

Cardiac involvement in MELAS syndrome is reported
to be as high as 18-100%.'"-"* The most common pathol-
ogy is non-obstructive concentric hypertrophy, although
dilatation is also reported and might be seen as progres-
sion of the initial hypertrophic cardiomyopathy." In
children, cardiomyopathy may actually be the first mani-
festation of MELAS syndrome. Wolff—Parkinson—
White (WPW) syndrome has also been reported in
MELAS syndrome in up to 17% of patients.'"'

The clinical suspicion for mitochondrial disease is
based on the combination of symptoms related to dif-
ferent organ systems. On the other hand, especially in
young children, the presence of a cardiomyopathy may
be the only manifestation of a mitochondrial disorder.
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Laboratory examination will show lactic acidosis in
almost all patients. MRI of the brain in MELAS syn-
drome will typically show asymmetric lesions of the
occipital and parietal lobes, mimicking ischemia,
although not restricted to one specific vascular region.

ECGs may demonstrate aspecific abnormalities
suggestive of cardiomyopathy, like left ventricular
hypertrophy, negative T-waves in the precordial leads,
a left-oriented electrical axis, and prolonged QT
Echocardiographic examination is mandatory in dem-
onstrating cardiac involvement in mitochondrial dis-
ease. Next to left ventricular hypertrophy, diastolic and
systolic dysfunction may be present.

Muscular biopsy in most patients will show ragged
red fibers: deposits of mitochondrial material beneath
the sarcolemma, visualized by Gomori trichrome
staining or succinate dehydrogenase.'" !

Ultra structural analysis of the heart demonstrates
abnormal and markedly enlarged mitochondria.

Molecular diagnosis of mtDNA mutations is com-
plicated by the variability in heteroplasmy depending
on the specific tissue sampled. A detectable mutation
in muscle cells is not necessarily detectable in leuco-
cytes, cells regularly used for DNA analysis. Urine
sediment cells and cheek mucosa appear to be a better
alternative for DNA analysis.'¢

No specific treatments are available for mitochon-
drial cardiomyopathies, although there are some sug-
gestions that the use of 1-arginine and coenzyme Q10
in addition to vitamin supplementation might be
advantageous.'® As in other cardiomyopathies, regular
heart failure therapy is indicated, consisting of diuret-
ics, ACE-inhibitors, and Beta-blockers. In case of
refractory heart failure, despite optimal medical ther-
apy, heart transplantation can be considered in selected
patients."” This requires extensive evaluation of extrac-
ardiac involvement, especially with regard to potential
contraindications such as recurrent strokes, dementia,
and muscle waisting.

Furthermore, heart transplantation and other opera-
tions are generally accompanied by a significantly
increased perioperative risk, in particular due to stroke,
coma, seizures, respiratory failure, and cardiac arrhyth-
mias.'® Perioperative management includes generous
hydration, loading with intravenous glucose, and care-
ful control of body temperature and pH. Ringer’s solu-
tion should be avoided because of the lactate load.
Anesthetic agents in these patients may increase the
susceptibility to reactive oxygen species (ROS) and

apoptosis, resulting in neurotoxicity. In general, there-
fore, an increased sensitivity to anesthetics is noted,
requiring adjustment of dosing and careful manage-
ment, including optimal oxygenation.'®

In summary, given the high incidence of cardiac
involvement, all patients with MELAS syndrome
should undergo cardiac examination because this may
have therapeutic and prognostic consequences. On the
other hand, patients with hypertrophic cardiomyopa-
thy at a younger age should be considered having
mitochondrial disease, especially when they also suf-
fer from short stature, seizures, hemiparesis, hemiano-
psia or cortical blindness. MELAS syndrome is
maternally inherited, but genotype—phenotype correla-
tion is complex, which hampers the role of genetic
counseling in this syndrome.

7.3 Kearns-Sayre Syndrome

Clinically, this mitochondrial disease is characterized
by progressive external ophthalmoplegia resulting in
ptosis, and pigmentary retinopathy. Other manifesta-
tions of KSS are short stature, cerebellar signs, hearing
loss, mental retardation, vestibular system dysfunc-
tion, delayed puberty, and high cerebrospinal fluid pro-
tein content. Typical onset is before the age of 20.
Progression of the disease can be accompanied by
proximal myopathy."

Cardiac pathology consists of conduction defects
caused by infra-His block, resulting in total AV-block,
right bundle branch block, or left anterior hemi-
block.”**" These conduction defects may be rapidly
progressive and resultin acute cardiac death. Transition
of a normal electrocardiogram into total AV-block has
been reported within the course of 10 months.*
Complete heart block may also be the presenting
symptom of Kearns—Sayre syndrome in some patients.>
It seems plausible that early pacemaker implantation
improves survival, but criteria for prophylactic implan-
tation are not yet clear. The ACC guidelines state that
third degree and advanced second degree AV block
associated with neuromuscular disease like Kearns—
Sayre, with or without symptoms constitute a class I
indication for permanent pacemaker implantation.**
Some authors suggest that, given the rapid progression
to potential fatal complete AV block, the presence of
fascicular block in Kearns—Sayre syndrome warrants
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prophylactic implantation of a pacemaker.” In patients
with a normal electrocardiogram, regular ECG follow-
ups at least every 6 months are advisable.

Pathologic examination of cardiac biopsies espe-
cially shows enlarged and abnormally structured mito-
chondria, but loss of myofibrils in skeletal and cardiac
muscle may also be seen.”

Macroscopically, mitral valve prolapse may be noted,
as well as cardiomyopathy in some cases.>* The inci-
dence of cardiomyopathy in KSS, in future may increase
due to the prolonged longevity in patients treated by
early pacemaker implantation.” Clinical manifestations
of cardiac disease in KSS have been reported to occur in
57% of patients affected and include syncopal attacks,
cardiac arrest, and congestive heart failure.

In contrast to the MELAS syndrome, which is
mostly caused by a point mutation in the mtDNA and
maternally inherited, genetic analysis in KSS mainly
shows a large deletion of mtDNA (nucleotide positions
8483 to 13483).>' Most cases are sporadic with hetero-
plasmy of 34-60% and a severely compromised life
expectancy: patients rarely survive beyond the age of
30." This high mortality is partly related to sudden
cardiac death due to AV-block, which can be prevented
in some patients by timely pacemaker implantation.

7.4 Conclusion

The mitochondrial diseases are a heterogeneous group
of disorders which can affect virtually all organ sys-
tems, not only in infancy, but also during the early-to-
mid adult years. Most of the mitochondrial diseases are
caused by mutations in the nuclear DNA, of which only
a few have been identified thus far. A small percentage
is caused by mutations in the mitochondrial DNA.
Mitochondrial diseases should be included in the dif-
ferential diagnosis whenever a patient presents with
progressive multisystem involvement that does not
clearly fit with an established pattern of disease. The
combination of cardiomyopathy, deafness, diabetes,
together with encephalopathy and myopathy are highly
susceptible of mitochondrial disease.”” Especially in
very young children hypertrophic cardiomyopathy can
be the predominant symptom of mitochondrial disease.
Cardiomyopathy may be the presenting and pre-
dominant clinical expression of MELAS syndrome and
is one of the causes of death in this disease, underlining

the importance of this condition to the cardiologist. The
same holds for the progressive conduction disorders in
Kearns—Sayre syndrome, which may require pacemaker
implantation to prevent sudden death.

Apart from these rather well-delineated disorders,
many others exist and the phenotypes frequently over-
lap complicating things even more.

Given all these facts, genetic counseling in mito-
chondrial disease is difficult. There is only a very small
chance that males with mtDNA mutations will trans-
mit the disease. The risk in females is depending on
the level of heteroplasmy, but it remains difficult to
give advice in the clinical routine.

Diagnosis of mitochondrial diseases is notoriously
difficult and relies on a high level of suspicion, but is
important, given the potential management implica-
tions, not only with respect to cardiac disease, but also
more in general like decreased anesthetic requirement
during surgical procedures.
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8.1 Introduction

Restrictive cardiomyopathy (RCM) is a rare disease,
characterized by increased stiffness of the ventricular
walls, which causes heart failure because of impaired
diastolic filling. In the early stages, systolic function
may be normal, but when the disease progresses, sys-
tolic function usually declines as well. There is an
overlap with other types of cardiomyopathy, such as
hypertrophic cardiomyopathy (HCM), dilated cardio-
myopathy (DCM), and left ventricular noncompaction.
Indeed, an autosomal dominantly segregating cardio-
myopathy has been described where a single sarcom-
ere gene mutation caused idiopathic RCM in some and
HCM in other family members.!

According to the most recent AHA classification of
cardiomyopathies> RCM is defined by restrictive ven-
tricular physiology associated with normal or reduced
diastolic volumes (of one or both ventricles), normal
or near-normal systolic function, and normal or only
mildly increased ventricular wall thickness. Several
studies indicate that RCM is not a single entity; it is a
heterogeneous group of disorders that can present with
a spectrum of cardiac phenotypes.’

Classification of RCM is based on the underlying
pathophysiological process: non-infiltrative, infiltrative,
storage diseases, and endomyocardial (Table 8.1).
Approximately 50% of cases are caused by a specific
clinical disorder, the majority in western countries being
amyloidosis, whereas the remainder represents an “idio-
patic” or “primary”’ process. Restrictive cardiomyopathy
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may also be associated with neuromuscular disorders,
both congenital and acquired forms.* Hypertrophic
cardiomyopathy may be particularly difficult to distin-
guish, since HCM in a late phase may start to dilate
and wall thickness may appear normal or even reduced.
Conversely, thickening of ventricular walls in cardiac
infiltration or storage disease may resemble HCM.
RCM must also be clinically distinguished from con-
strictive pericarditis, which is also characterized by
abnormal ventricular filling with (near) normal sys-
tolic function.

Hereditary forms of RCM can be found in all sub-
groups, with both autosomal dominant and recessive
genetic properties. Family history and investigation of
first-degree relatives may therefore be important.

8.2 Molecular Background

Several inherited and acquired disorders may cause
RCM, but many cases remain idiopatic. Familial RCM
has been reported but it remains uncertain whether this
is a distinct genetic entity.

Restrictive cardiomyopathy may be due to myocar-
dial fibrosis, hypertrophy, or infiltration of varying
compounds, like amyloid or storage of, for example,
glycogen. The terms hypertrophic and restrictive car-
diomyopathy do not refer to specific diseases, but are
instead purely descriptive terms used to characterize
myocardial disease associated with a broad spectrum
of genetic syndromes or systemic diseases.

Cardiomyocyte contraction is dependent on intrac-
ellular calcium concentration and regulated by the
troponin complex. In vitro studies have shown that
RCM-causing mutations in TNNI3 show a greater
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Table 8.1 Classification of restrictive cardiomyopathy

Genetic

Primay cardiac

Common primary

Mpyocardial

Endomyocardial

Non-infiltrative

Infiltrative

Storage disease

Idiopatic restrictive
cardiomyopathy
Scleroderma
Pseudoxanthoma elasticum

Diabetic cardiomyopathy

Amyloidosis

Sarcoidosis
Gaucher disease

Hurler disease

Hemochromatosis

Fabry disease

Glycogen storage disease

Endomyocardial fibrosis

Hypereosinophilic
syndrome

Carcinoid heart disease

Metastatic cancers
Radiation
Anthracyclin toxicity

Fibrous endocarditis
caused by drugs (serotonin,
methysergide, ergotamine,
mercurial agents, busulfan)

+(AL)/+(AA)

presentation

+

+

(+)/=

(4
(4

site or presentation

n.a.

Skin, joints, Raynaud,
Gl-tract, lungs

Skin, vascular wall
(GI-tract)

AL: bone marrow,
kidneys

AA: peripheral
neuropathy

Lungs

Spleen, liver, bone
marrow, bone

Bone, liver, spleen, brain

Liver, skin pigmentation,
diabetes mellitus,
arthropathy, impotence
in male

Neuropathy, skin,
kidney, stroke
Hypoglycemia, muscle
weakness, fatigability

n.a.

Systemic thromboem-
boli, neuropathy,
GI-tract inflammation,
lungs, bone marrow

Flushing, diarrhea,
bronchospasm

“Primary cardiac presentation after treatment of previous malignancy

increase in Ca®* sensitivity than HCM-causing muta-

tions, resulting in more severe diastolic impairment
and potentially accounting for the RCM phenotype in

humans.’

The molecular background of different forms of

RCM is highly variable, depending on the underlying
cause, and will be discussed in more detail in specific
clinical entities.
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8.3 Clinical Aspects

Inability of the ventricles to fill limits cardiac output
and raises filling pressures, leading to exercise intoler-
ance and dyspnea. In most patients, venous pressure is
elevated, which may lead to edema, ascites, and liver
enlargement. Palpitations are often seen, with a rela-
tively high occurrence of atrial fibrillation, which in
turn may lead to rapid clinical deterioration due to high
ventricular rates with short diastolic filling times. Third
and fourth heart sounds may be present on physical
examination.

8.4 Diagnosis

In typical cases, echocardiography, cardiac CT, or MRI
will reveal normal or concentric thickened ventricles
with normal or reduced intraventricular volumes. In
contrast to hypertrophic cardiomyopathy, macroscopic
hypertrophy and reduction of intraventricular volume
are not pronounced. The atria are usually enlarged,
sometimes exceeding ventricular volume. Systolic
function may be normal or slightly reduced; diastolic
function is reduced, with high E-wave, shortened
deceleration time (<150 ms), and an E/A ratio of >2 on
transmitral Doppler echocardiography (Fig. 8.1).
Especially in infiltrative cardiomyopathies, the ECG
may show low-voltage and nonspecific ST segment or
T-wave abnormalities (Fig. 8.2). Cardiac catheteriza-
tion shows a reduced cardiac output and elevation of
left and right ventricular end-diastolic pressures with a
dip-plateau representing an abrupt termination of

Fig. 8.2 ECG in restrictive / !
cardiomyopathy. Low 1 T v
voltage abnormal QRS-

complexes, preceded by

huge P-waves in a |

16-year-old girl with I

restrictive cardiomyopathy

2D HOLD

Fig. 8.1 2D-echocardiogram and transmitral Doppler signals in
restrictive cardiomyopathy. In the upper part the 2D echocardio-
gram (apical four-chamber view) is shown, with normal sized
ventricles (fop) and huge atria below. In the main panel the trans-
mitral Doppler recording is shown in relation to the ECG, indi-
cating E-waves with short deceleration time (green line) and
almost absent A-waves (high E/A ratio)

filling in the first one-third to one-half of diastole. This
configuration may resemble constrictive pericarditis;
however, in constrictive pericarditis there usually is a
thickened pericardium, best seen on CT or MRI. In addi-
tion, interventricular dependence and respiratory varia-
tion of transmitral inflow on Doppler examination will
be more pronounced in constrictive pericarditis; in dif-
ficult cases, volume challenge and simultaneous LV and
RV pressure recording in relation to respiratory activity
may be of help. Recently, tissue Doppler imaging was
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shown to reliably discriminate between the two condi-
tions, with a cut-off value of >5 cm/s mean annular
velocity (averaged from four walls) ruling out RCM.¢
Surprisingly, BNP values showed a large overlap
between the two conditions.

The mainstay of diagnosis is endomyocardial biopsy,
revealing fibrosis or the underlying specific infiltration
or storage.

8.5 Clinical Approach
and Differential Diagnosis

Since RCM often occurs in the setting of a systemic
disease, in many cases the primary underlying disease is
already known, like in Gaucher disease (GD), where
noncardiac manifestations usually precede cardiac
involvement. In these cases the clinical question may
not be making the right diagnosis, but proving or exclud-
ing cardiac involvement. This may have consequences
for the work-up; for instance, in case of a patient with
known hemochromatosis, it may be best to start with
cardiac MRI in order to find cardiac iron overload,
whereas in suspected amyloidosis it may be best to start
with endomyocardial biopsy.

Clinical history taking and clinical examination
should be directed at symptoms indicative of underlying
disease.* Ophthalmologic, otologic, dermatologic, gas-
troenterologic, nephrologic, hematologic, and neurologic
examination may be necessary to help establishing a pos-
sibly treatable cause of restrictive cardiomyopathy before
the disease becomes intractable.

In apparently idiopatic restrictive cardiomyopathy;, it
may be necessary to clinically exclude other causes of
restriction, like hypertension, and to exclude the pres-
ence of specific infiltration or storage in an endomyo-
cardial biopsy. In addition, taking an extensive family
history including other phenotypes of cardiomyopathy
and performing a genetic evaluation may be of help.’

8.6 Treatment

In many cases, treatment is disappointing since myo-
cardial damage is progressive and irreversible, with a
possible exception for hemochromatosis and Fabry’s
disease (see below). In case of amyloidosis, aggressive

anticancer treatment and/or bone marrow transplanta-
tion may slow progression of the disease, but this does
not remove the already existing deposits of amyloid. In
general, there is no specific medication for diastolic
heart failure, other than diuretics to treat pulmonary or
systemic congestion. The balance between pulmonary
congestion due to fluid overload on the one hand, and
forward failure due to too low filling pressures on the
other hand, often is very delicate. Controlling heart
rate with betablockers to allow adequate filling time is
important; however, when restriction progresses, ven-
tricular filling may no longer improve with longer
diastole. In end-stage disease, a higher heart rate may
even be the only way to compensate for a very low
stroke volume. Atrial fibrillation occurs very often in
RCM as a result of chronically elevated filling pres-
sures and dilated atria, warranting oral anticoagulation
to prevent stroke or embolism and adequate rate con-
trol when rhythm control is not possible anymore. Like
in mitral stenosis and sinus rhythm there is no consen-
sus on the preventive use of anticoagulants in RCM
and sinus rhythm. The only exception may be endomyo-
cardial fibrosis (EMB) and hypereosinophylic syn-
drome, where endocavitary thrombosis and fibrosis
with apical filling are thought to occur.

Heart transplantation may be an option in carefully
selected cases, but due to the malignant nature or the
multiorgan involvement of many underlying diseases,
heart transplantation is often contraindicated. In idiopatic
RCM heart transplantation may offer good survival.

8.7 Prognosis

Prognosis is very much dependent on the underlying
disease. In a study of 94 patients with idiopatic RCM
after 68 months 50% had died.® The causes of death
were: heart failure (47%), sudden death (17%), cancer
(13%), infection (13%), and arrhythmias (11%).

8.8 Idiopatic and Familial
Restrictive Cardiomyopathy

Idiopatic RCM is characterized by myocyte hypertrophy
and interstitial fibrosis, with a restrictive hemodynamic
pattern of the ventricles with reduced diastolic
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volumes, in the presence of normal or near-normal
wall thickness and systolic function. By definition,
there is no known underlying or related disease to
explain cardiac involvement. In childhood, RCM is
very rare, accounting for 2-5% of pediatric cardiomy-
opathies.® About 30% of children with RCM have a
family history of cardiomyopathy and prognosis is
poor (2-year mortality >50%).? In their study of 12
children, in one third a mutation in genes coding for
sarcomeric proteins were found; in the other two-thirds
it was speculated that some might have been caused by
mutations in genes encoding cytoskeletal or nuclear
envelope proteins, more commonly associated with
DCM. Others might have been associated to — as yet
unknown — inborn errors of metabolism or storage dis-
orders with predominant cardiac involvement.?

Familial RCM is an autosomal dominant cardiomy-
opathy with incomplete penetrance,'® generally consid-
ered in the absence of specific genetic abnormalities
known to cause hypertrophic cardiomyopathy. However,
some have suggested that RCM is part of the clinical
expression of cardiac troponin I mutations.> A bundle
branch block leading to complete heart block usually
develops in the third or fourth decade.'' Those who sur-
vive the fifth decade may develop a progressive myopa-
thy,>? although there are also reports of families with
multiple affected individuals without skeletal myopa-
thy.!' Mogensen et al.! described a large family in which
individuals were affected by either idiopatic RCM or
hypertrophic cardiomyopathy (HCM). Linkage analy-
sis to selected sarcomeric contractile protein genes
identified cardiac troponin I (TNNI3) as the likely dis-
ease gene. Several mutations were found, which also
appeared to be present in six of nine unrelated RCM
patients. They conclude that the restrictive phenotype
is part of the spectrum of hereditary sarcomeric con-
tractile protein disease. Changes in actin-binding affin-
ity, affinity to troponin C, and the ability to inhibit thin
filaments during diastole, caused by certain TNNI3
mutations, may lead to an altered interaction within the
actin—troponin—tropomyosin complex, and thus may
cause either severe diastolic dysfunction and RCM, or
myocardial hypertrophy.'?

Genetic engineering of adult cardiac myocytes'
was used to identify effects of mutant cardiac tro-
ponin I (¢Tnl). The R193H mutant cTnl was associ-
ated with incomplete relaxation and acute remodeling
to a contracted state as a direct correlate of the stiff
heart characteristic of RCM in vivo. This occurred

independently of Ca? concentration or sensitivity.
Transgenic mice, expressing R193H cTnl in the
heart, showed gradual changes in 12 months from
impaired relaxation to diastolic dysfunction and
eventually a phenotype similar to human RCM."
These results demonstrate a critical role of the
COOH-terminal domain of ¢Tnl in the development
of RCM. On the other hand, Cubero et al.!' present a
family of RCM patients with autosomal dominant
heredity, without signs of skeletal myopathy and no
troponin I mutations.

To make it even more complex, a recent study"
described a unique family with autosomal dominant
heart disease variably expressed as RCM, HCM, and
dilated cardiomyopathy. They showed that a cardiac
troponin T (TNNT2) marker cosegregated with the
disease phenotype. A missense mutation resulting in
an [79N substitution was found in all nine affected
family members, but none of the six unaffected rela-
tives. Segregation analyses excluded a primary patho-
genic role for eight other sarcomeric protein genes;
however, this does not exclude a potential modifying
effect of variants within these or other genes on car-
diac phenotype.'

8.9 Restrictive Cardiomyopathy
as Part of Specific Clinical
Conditions with Known
or Suspected Genetic Background
(Selected Subjects)

8.9.1 Non-infiltrative Restrictive
Cardiomyopathy

8.9.1.1 Scleroderma/Systemic sclerosis (SSc)

Apart from cardiac complications due to systemic or
pulmonary hypertension, primary cardiac involvement
can also occur in SSc. Patchy myocardial fibrosis as a
result of recurrent vasospasm of small vessels may
lead to the clinical picture of restrictive cardiomyopa-
thy. Extensive fibrosis may be seen in patients with a
long history of Raynaud phenomenon.'® Familial clus-
tering and ethnic influence have been demonstrated.
Polymorphisms in genes coding for extracellular
matrix proteins and cell-signaling molecules implicate
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non-MHC areas in SSc pathogenesis.'” There are asso-
ciations of polymorphisms in several genes with sus-
ceptibility and severity of systemic sclerosis. All
patients showed genetically predisposed high TGFbetal
production, with polymorphisms at codons 10 and 25
of the TGFbetal gene.'® Current data suggest that SSc
is a multigenic complex disorder.

8.9.1.2 Pseudoxanthoma Elasticum

Pseudoxanthoma elasticum (PXE) is an inherited dis-
order that is associated with accumulation of mineral-
ized and fragmented elastic fibers in the skin, vascular
walls, and Bruch’s membrane in the eye. It may lead to
peripheral and coronary arterial occlusive disease as
well as gastrointestinal bleedings. There is yet no
definitive therapy. Recent studies suggest that PXE is
inherited almost exclusively as an autosomal recessive
trait. Its prevalence has been estimated to be 1:25,000—
100,000. Very recently, the ABCC6 gene on chromo-
some 16pl13.1 was found to be associated with the
disease. Mutations within ABCC6 cause reduced or
absent transmembraneous transport that leads to accu-
mulation of extracellular material. Presumably, this
mechanism causes calcification of elastic fibers

In a study of 19 patients it was found that systolic
function was normal, but diastolic parameters were
abnormal in seven patients. Explanations for these abnor-
malities could be silent myocardial ischemia due to early
coronary involvement and/or the direct consequences of
ultrastructural defects of the elastic tissue of the heart."”

8.9.1.3 Diabetic Cardiomyopathy

In diabetes mellitus, alterations in cardiac structure or
function in the absence of ischemic heart disease,
hypertension, or other cardiac pathologies is termed
diabetic cardiomyopathy.

Structural changes include myocardial hypertrophy,
fibrosis, and fat droplet deposition, initially leading to
abnormal diastolic function. Advanced glycation end-
products (AGEs) are thought to be important in the
pathophysiology of diabetic cardiomyopathy. Irreversible
modification of proteins by glucose results in the forma-
tion of AGEs, a heterogeneous family of biologically
and chemically reactive compounds with cross-linking
properties. This process of protein modification is

magnified by the high ambient glucose concentration
present in diabetes.”

The genetic background of diabetes is beyond the
scope of this chapter. However, there are some very
interesting studies pointing to a genetic link between
diabetes and cardiac damage. Oxidative stress is known
to be enhanced with diabetes and oxygen toxicity may
alter cardiac progenitor cell (CPC) function resulting
in defects in CPC growth and myocyte formation,
which may favor premature myocardial aging and
heart failure. Ablation of the p66shc gene in a mouse
model?! prevented these negative effects, pointing at a
possible genetic link between diabetes, reactive oxy-
gen species, and the development of heart failure.

8.9.2 Infiltrative

8.9.2.1 Cardiac Amyloidosis

Amyloidosis comprises a group of diseases character-
ized by extracellular deposition of insoluble fibrillar
proteins with concomitant destruction of normal tis-
sue structure and function. This results in stiffening
and thickening of the myocardial walls, which can be
easily demonstrated by echocardiography and often
has a granular sparkling appearance. Absence of high
ECG voltages further strengthens the suspicion of
amyloidosis. Cardiac clinical manifestations include
diastolic and systolic dysfunction, arrhythmias and
conduction disturbances, orthostatic hypotension, cor-
onary insufficiency, valvular dysfunction, and pericar-
dial effusion.

Endomyocardial biopsy is the method of choice to
diagnose cardiac amyloidosis and also allows charac-
terization of the amyloid protein.?

About 20 different proteins are known to form amy-
loid fibrils in vivo. The nomenclature is based on these
proteins.” In clinical practice, however, amyloidosis is
often classified as primary, secondary, hereditary, and
age related.

Primary amyloidosis or systemic AL amyloidosis is
the result of monoclonal immunoglobulin light chains
secreted by clonal plasma cells (multiple myeloma)
and predominantly deposited in the heart, kidney, and
nerves. Congestive heart failure and conduction distur-
bances are frequent cardiovascular complications and
often result in early death of the patients.
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Although multiple myeloma is not considered a
genetic disease, there are reports of around 130 fami-
lies with two or more cases of multiple myeloma,
MGUS or Waldenstrém’s macroglobulinemia.>*

Secondary or systemic AA amyloidosis is associated
with chronic diseases and manifested mainly in the
kidney, liver and spleen, and, only rarely, in the heart.
Proteinuria and renal failure are paramount.

Hereditary systemic amyloidosis is predominantly
caused by deposition of amyloid fibrils derived from
genetic variants of transthyretin (TTR), a transport
protein synthesized mainly by the liver. More than 100
mutations are known already, of which the Val 122 Ile
variant is the most common.” Inheritance is often
autosomal dominant with varying degree of pene-
trance.”*” Clinical syndromes include cardiomyopa-
thy, nephropathy, and neuropathy. The presenting
symptom often is the peripheral ascending neuropathy;
cardiac involvement often is the final cause of death.

Senile systemic amyloidosis (SSA) is caused by the
deposition of amyloid fibrils from normal nonmutant
TTR, especially in the heart. It is age related, with
male predominance and rare in patients younger than
60 years of age. Clinically it manifests as congestive
heart failure, relatively frequently accompanied by
carpal tunnel syndrome.” Progression of this disease is
much slower than in AL amyloidosis, despite the more
severe hypertrophy present in the senile form.”
Autopsy studies suggest that in up to 25% of individu-
als over the age of 80 years this type of TTR-derived
amyloid can be found in the heart.”’

8.9.2.2 Sarcoidosis

Myocardial sarcoidosis generally occurs in association
with other manifestations of the systemic disease, but
primary cardiac symptomatology does occur. Cardiac
infiltration by sarcoid granulomas may result in increased
stiffness of the heart, with overt features of restrictive
cardiomyopathy. In addition, systolic dysfunction, con-
duction abnormalities, and arrhythmias may be seen.
Treatment is empirically with glucocorticoids.

A genetic predisposition is likely, based on increased
familial occurrences and different disease modes in
different ethnic groups.”® The strongest genetic asso-
ciations are found within the human leucocyte antigen
(HLA) antigens and functional polymorphisms within
the butyrophilin-like 2 (BTNL2) gene.”

8.9.2.3 Gaucher Disease

Although Gaucher disease (GD) is the most common
lysosomal storage disease, it very rarely affects the heart
(only subtype 3, occurring 1 in 200,000). It is caused by
deficiency of glucocerebrosidase, which results in
abnormal accumulation of glycolipids within cellular
lysosomes. GD is one of the few inherited metabolic
disorders that can be treated by enzyme replacement
therapy with recombinant enzyme; early identification
is crucial to improving ultimate outcome.

Gaucher disease is inherited as an autosomal
recessive disorder. The glucocerebrosidase gene is
located on chromosome 1g21, and more than 180 dis-
tinct mutations are known. However, three mutant
alleles account for most cases: N370S, L444P, and
84GG. The prevalence of these alleles varies with
ethnicity. N370S is present exclusively in Ashkenazi
Jews and non-Jewish Europeans, whereas L444P is
common in northern Sweden. The diagnosis of GD is
confirmed by the finding of reduced glucocerebrosi-
dase activity in peripheral leukocytes. Diagnosis also
can be confirmed by mutation analysis, which is an
effective method for patient classification and carrier
diagnosis.

8.9.2.4 Mucopolysaccharidoses:
Hurler Disease, Hunter Disease

The mucopolysaccharidoses (MPS) are lysosomal stor-
age disorders caused by the deficiency of enzymes
required for the stepwise breakdown of glycosamino-
glycans (GAGs), previously known as mucopolysac-
charides. Fragments of partially degraded GAGs
accumulate in the lysosomes, resulting in cellular dys-
function and clinical abnormalities. These are rare con-
ditions, with an estimated total incidence of all types of
MPS of approximately one in 20,000 live births. Hurler
syndrome is the severe form of MPS I and is character-
ized by a broad spectrum of clinical problems including
skeletal abnormalities, hepatosplenomegaly, and severe
mental retardation. The incidence is approximately one
in 100,000 births.

Cardiac abnormalities become apparent between
birth and 5 years of age. These include cardiomyopa-
thy, endocardial fibroelastosis, and valvular regurgita-
tion, which alone or in combination can lead to heart
failure. GAG storage within blood vessels causes
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irregular and diffuse narrowing of the coronary arteries
and irregular lesions of the aorta. Coronary artery dis-
ease is often unrecognized until autopsy examination;
it should be considered in affected patients with car-
diac problems.

Mucopolysaccharidosis II (Hunter syndrome) is
caused by a deficiency of iduronate 2-sulfatase (IDS),
which results in storage of heparan and dermatan sul-
fate. MPS II is caused by mutations in the gene encod-
ing for IDS, which is located on chromosome Xq28.
Although the disorder is X-linked, cases in females
have been reported on rare occasions.

8.9.3 Storage Diseases

8.9.3.1 Hemochromatosis

Iron-overload cardiomyopathy is often the result of
multiple transfusions or a hemoglobinopathy, most
frequently B-thalassemia. If cardiomyopathy occurs in
the presence of diabetes, hepatic cirrhosis, and
increased skin pigmentation, it may also result from
familial hemochromatosis, an autosomal recessive dis-
order that arises from a mutation in the HFE gene,
which codes for a transmembrane protein that is
responsible for regulating iron uptake in the intestine
and liver. The HFE gene is tightly linked to the HLA-A
locus on chromosome 6p. The most common mutation
is C282Y, identified in 85-90% of hemochromatosis
patients in Northern Europe.*® A second, relatively
common HFE mutation (H63D) is not associated with
clinically relevant iron overload but in case of com-
pound heterozygosity with C282Y, iron overload can
occur.

Cardiac involvement causes a mixture of systolic
and diastolic dysfunction, often with arrhythmias.
Cardiac dysfunction is due to direct toxicity from free
iron and to adverse effects caused by myocardial cell
infiltration, preferentially in the sarcoplasmic reticu-
lum. The ventricles are more affected than the atria and
the conduction system is often involved. Loss of myo-
cytesoccurs withreplacementfibrosis. Macroscopically,
the heart may be dilated or non-dilated with thickened
ventricular walls.

On cardiac MRI, a reduced T2* signal will be seen
with increasing cardiac iron storage.

Phlebotomy and iron chelators like desferoxamine
may reduce cardiac and other iron stores and result in
clinical improvement.

8.9.3.2 Fabry Disease

This is an X-linked lysosomal storage disorder, caused
by deficiency of lysosomal o-galactosidase A (GLA),
leading to the accumulation of glycosphingolipids in
tissues like the heart. The ensuing ventricular hyper-
trophy is often classified as a restrictive cardiomyopa-
thy, although it may also resemble hypertrophic
cardiomyopathy. It is the second most prevalent lyso-
somal storage disease after Gaucher disease. The gene
is located on the long arm (Xq22.1 region) of the X
chromosome. Several hundred mutations in the gene
have been identified.

The prevalence of Fabry disease is estimated to
range from 1:17,000to 1:117,000 malesin Caucasians.
Clinical manifestations are usually evident by the age
of 10, often starting with neuropathy (burning pains
of the palms and soles) and skin lesions (angiokera-
tomas). At higher age cardiac and renal disease and
stroke become more important. Cardiac involvement
may lead to (symmetrical) ventricular hypertrophy,
conduction defects, coronary artery disease, valve
insufficiencies, and aortic root dilatation.”’ In gen-
eral, cardiac involvement will be accompanied by
other signs of Fabry disease, although these may be
missed. Sometimes, the disease is limited to the
myocardium. Therefore, screening for Fabry disease
is advised in patients with otherwise unexplained
LVH. Tissue Doppler may provide a preclinical diag-
nosis of cardiac involvement, even in patients with-
out LVH. Echocardiographic appearance of Fabry
disease may be distinguished from other forms of
LVH based on a thickened, hyperechogenic layer in
the endocardium and subendocardial myocardium,
caused by local intracellular glycolipid deposition.
This is paralleled by a hypoechogenic layer, repre-
senting the mildly affected midwall myocardium. A
definitive diagnosis can be made based on a low
plasma a-galactosidase A level in males or by
endomyocardial biopsy, showing concentric lamellar
bodies in the sarcoplasm of heart cells on electron
microscopy. In females the diagnosis can be made by
analysis of the GLA gene.
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Although the disease is generally considered
X-linked recessive, a better name would be X-linked
semidominant. LVH may occur in heterozygous females
in up to 64%; end-stage renal disease and stroke may
also develop and the overall negative effect on life span
may be as much as 15 years.

Enzyme replacement therapy is available, albeit
very expensive. Recombinant Agalsidase-f§ may partly
clear microvascular endothelial deposits in the heart
and kidneys. Therapy can reduce LVH and enhance
myocardial function.

8.9.3.3 Glycogen Storage Disease

Disorders of glycogen metabolism most often affect the
liver and skeletal muscle, where glycogen is most abun-
dant. To date, 12 subforms of glycogen storage disease
(GSD) have been identified. The physiologic importance
of a given enzyme determines the clinical manifestations
of the disease. In general, hypoglycemia, hepatomegaly,
and skeletal muscle weakness and easy fatigability are
the predominant clinical features. In GSD type II (Pompe
disease) and IIa (Danon disease), cardiac involvement
may occur. The classic infantile form is characterized by
cardiomyopathy and severe generalized muscular hypo-
tonia.*”> 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 consider-
able allelic heterogeneity. It is caused by mutations in the
gene encoding lysosomal alpha-1,4-glucosidase (GAA)
located at 17q25.2-q25. More than 200 mutations have
been reported.*

8.9.4 Endomyocardial Causes of
Restrictive Cardiomyopathy

8.9.4.1 Endomyocardial Fibrosis

Endomyocardial fibrosis (EMB) is an obliterative car-
diomyopathy characterized by fibrotic thickening and
obliteration of left, right, or both ventricles, with a pre-
dilection to selectively involve the apices and inflow
region and spare the outflow tract. The fibrotic process
does not affect the valve leaflets, the atria, or the great
vessels and extracardiac involvement is not known.
There is a peculiar distribution of the disease in very

specific areas within some countries around the equa-
tor.** In an epidemiological study of 214 families in
Mozambique, 99 had no cases of EMB, 63 had one
case, and 52 had more than one case.®® The familial
occurrence could be caused by genetic factors or sus-
ceptibility; however, this has not been elucidated. It
may also rely on environmental factors, like the abun-
dance of thorium and cerium in the soil, accompanied
by magnesium deficiency. It has also been related to
filariasis and altered immunological response to strep-
tococcal infection in individuals whose immune status
had been altered by parasitic infections

8.9.4.2 Hypereosinophylic Syndrome

Hypereosinophilic syndrome (HES) is a heterogeneous
group of disorders characterized by unexplained
persistent primary eosinophilia causing end-organ
damage.

In the acute necrotic stage, there is endocardial
damage, myocardial infiltration with eosinophils and
lymphocytes, eosinophil degranulation, and myocar-
dial necrosis. This phase may be clinically silent with-
out abnormalities on echocardiography. However,
serum troponin levels may be raised and contrast-
enhanced MRI may detect myocardial inflammation.
In the second stage, thrombus formation occurs along
areas of damaged endocardium. This may lead to sys-
temic embolization. In the third phase, progressive
scar formation produces endomyocardial fibrosis and
finally a restrictive cardiomyopathy.

Apart from cardiac manifestations and thromboem-
bolic (cerebral) complications, encephalopathy and
peripheral neuropathy may occur.

One HES variant, myeloproliferative, is actually
chronic eosinophilic leukemia, which has a unique
genetic marker, FIP1L1-PDGFRA, with consequences
for the treatment.*® Loeffler endocarditis, eosinophilic
endomyocardial disease, or fibroplastic endocarditis
appears to be a subcategory of the hypereosinophilic
syndrome in which the heart is predominantly
involved.

Autosomal dominant transmission of marked
eosinophilia has been reported. In one family, the gene
has been mapped to chromosome 5q31-33.%

MRI may be helpful in cases of restrictive cardio-
myopathy with luminal obliteration to differentiate
perfused and enhancing myocardium from poorly
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vascularized and hypoenhancing thrombus or eosino-
philic infiltrate.®

8.10 Summary

Restrictive cardiomyopathy is a rare disease, often pre-
senting with fatigue, exercise intolerance, or dyspnea.
In many cases, RCM occurs as part of a multiorgan
disease or malignancy, where cardiac involvement may
occur early or late in time. Therefore, depending on
clinical suspicion or other, noncardiac symptoms and
findings, additional investigations are necessary before
a definitive diagnosis can be made. The diagnosis of
idiopathic RCM can only be made by exclusion.
Idiopatic RCM sometimes presents as a familial or
genetic form, related to mutations in the cardiac tro-
ponin I genes. There may also be overlap, both clini-
cally and genetically, with family members with
hypertrophic or dilated cardiomyopathy. Prognosis is
often poor and treatment options scarce: symptomatic
therapy with diuretics and/or betablockers and occa-
sionally specific therapy for the underlying disease.
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Congenital Long QT-Syndrome

Hubert F. Baars and Jeroen F. van der Heijden

9.1 Introduction

The congenital long QT syndrome (LQTS) is consid-
ered to be one of the hereditary cardiac arrhythmia
syndromes, nowadays also known as cardiac channel-
opathies. The syndrome is characterized by prolonga-
tion of the heart rate corrected QT-interval (QTc) on
the 12-lead electrocardiogram (ECG). In affected fam-
ily members, it is associated with recurrent syncope,
seizures, and sudden cardiac death due to ventricular
arrhythmias (Torsade des Pointes (TdP) and ventricu-
lar fibrillation), which typically follow a precipitating
event such as exertion, extreme emotion, swimming
and diving, or auditory stimulation.

The congenital LQTS was first described in 1957 by
Jervell and Lange-Nielsen in a family consisting of four
children with a prolonged QT-interval on the electrocar-
diogram, congenital sensorineural hearing loss, recur-
rent syncope, and sudden cardiac death.' The inheritance
pattern appeared to be autosomal recessive. A few years
later, in the early 1960s Romano® and Ward® described
independently of each other, families in which affected
members had recurrent syncope, sudden cardiac death
and QT prolongation on the electrocardiogram, however,
without the associated deafness, and with an autosomal
dominant mode of inheritance.

Breakthroughs in molecular genetics in the mid-
1990s revealed the fundamental molecular basis of the
LQTS, which in general relates to a defect in specific
cardiac ion channels, caused by specific gene muta-
tions.*> These defects result in either a decrease in
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repolarizing potassium currents or an inappropriate late
entry of sodium in the myocyte eventually resulting in
a prolonged QT-interval on the electrocardiogram.®

The diagnosis of LQTS is made by a careful evalu-
ation of the personal and family history of the patient
and a detailed examination of the electrocardiogram in
order to detect either prolongation of the QT-interval
or specific changes in the morphology of the ST-T seg-
ment. In addition to the 12-lead electrocardiogram,
exercise testing and Holter monitoring may be useful.

In the majority of patients, the diagnosis can be
confirmed by molecular genetic testing, which will
reveal mutations in specific genes, mostly encoding for
cardiac K* or Na* channels. Once the diagnosis has
been made and therapy has been started, it is essential
to identify the patient at risk for malignant ventricular
arrhythmias because in that case a prophylactic ICD
might be pertinent. In addition, screening of the first
degree family members should be initiated, preferably
in close collaboration with a clinical geneticist, in
order to detect the asymptomatic or at the moment not
yet diagnosed patient at risk.

This chapter will review the normal electrophysio-
logical mechanisms involved in the cardiac action
potential as well as the structure and function of the
cardiac ion channels. Subsequently, a description of
the congenital LQTS will be given.

9.2 Electrophysiological
and Molecular Mechanisms

9.2.1 Cardiac Action Potential

The cardiac action potential (AP) reflects the integrated
electrical activity of many ionic currents across the cell
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membrane through voltage-gated ion channels, ionic

pumps, and ionic exchangers (Fig. 9.1). Depolarizing

currents convey positively charged ions (Na*, Ca™) e

into the cell, while the repolarizing K* current flows to

the outside of the cell (extensively reviewed in, e.g.,

Tan et al.” and Grunnet et al.?) .
The AP can be divided into five phases:

* Phase 4: the resting membrane potential is main-
tained by a balance between Na* and Ca* leak cur-
rents and the inward rectifier current (I ).

e Phase 0: The cardiomyocyte membrane is depolar-
ized by a rapid, transient influx of Na* ions through

voltage-gated sodium channels (I ). This is reflected
as the upstroke of the AP.

Phase 1: during early repolarization, the transient
efflux of K* through transient outward channels (I, ),
which inactivate rapidly, terminates the AP upstroke.
Phase 2: the plateau phase of the AP is maintained
by a balance between an inward Ca*™ current through
L-type Ca** channels and a K* efflux (I and I, ).
Phase 3: during late repolarization the Ca** channels
have inactivated. The outward K* currents continue
mainly through the slowly activating delayed rectifier
K* channel (I ). At the end a large outward K* current
(I;,) brings the membrane potential to its resting level.

Na*  Ca®* Ca?*
K* \ Ito / Ik, lkg | Iks Ik, Ik extracellulair
u e ol | 1 1 1
—_] .]‘.l_r_ --
+ Il " “ | intracellulair
phase 1
+10 mV phase 2
phase 3
phase 0
-90 mV
phase 4 phase 4

Ina 1

Fig. 9.1 Cardiac action potential
(see text for explanation) Q S
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On the surface ECG, the QRS complex reflects the
depolarization, and the T-wave reflects the repolariza-
tion phase of the ventricle. The T-wave is much longer
than the QRS complex simply because repolarization
takes longer than cardiac excitation.

The repolarization phase is not homogeneous in the
ventricle, because of the fact that the ventricular wall
consists of three different layers (epicardium, midmyo-
cardium (M cell layer) and endocardium) with different
action potential duration and configuration.”'° Voltage
gradients between these layers during repolarization
determine the height and the shape of the T-wave.

9.2.2 Cardiaclon Channels

The structure of the voltage-gated potassium channel
involved in most cases of LQTS includes a monomer

of six membrane-spanning regions (S1-S6) with con-
necting intracellular cytoplasmatic loops, a voltage-
sensing domain (S4), and a pore region located between
S5 and S6 (Fig. 9.2). A tetrameric structure of four
individual monomers together will eventually form a
functional hydrophobic envelope, which surrounds a
central cavity or pore. These four pore forming o-sub-
units are known to be modulated in their biophysical
properties, pharmacologic responses, tissue distribu-
tion, and intracellular trafficking by smaller accessory
[-subunits. These B-subunits often have a single mem-
brane-spanning domain (Fig. 29.2).

The structure of the cardiac sodium (SCN5A) and
L-type calcium (CACNAI1C) channels is more com-
plex. They consist of a single protein with four homol-
ogous domains (the alpha-subunits), each of which
contain six transmembrane domains, similar to the
four linked potassium channel modules (for figure see
chapter on Brugada syndrome).

b |'Kr or |'Ks

Beta subunit

L]
w

Extracellular

b b o e e e o b e o o

Cytoplasmic

Tetramer of four

alpha subunits

{ R R R R

Fig.9.2 (a) Schematic topology of the four o-subunits (K LQT1
or hERG) of a voltage-gated potassium channel. Characteristic
are the six membrane-spanning segments of the o-subunit. Four
of those o-subunits (number 1-4) form a tetrameric potassium

Alpha subunit

channel, which is responsible for the I—Ks or I—Kr. This is showed
in (b), which includes the B-subunit (respectively MinK or
MiRP1) that can modulate the function of the o-subunits
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9.3 Epidemiology and Prevalence

The prevalence of congenital LQTS in the USA has
been estimated to be approximately 1 in 5,000 indi-
viduals, causing hundreds to thousands of sudden car-
diac deaths in children, adolescents, and young adults
each year.!" However, the prevalence of congenital
LQTS may be as high as 1 in 2,000-3,000 live births.
This figure is derived from the largest prospective
study of neonatal electrocardiography ever performed
in 44,596 infants at age 3—4 weeks.'> The investigators
concluded that the prevalence in their population must
be close to 1:2,500 at least. Since most mutation carri-
ers remain asymptomatic throughout life, clinical dis-
ease is less common. Nevertheless, LQTS is one of the
most common causes of autopsy-negative sudden
unexplained death.!

The congenital long QT syndrome can be divided in
two distinguishable forms: the Romano-Ward syn-
drome (RWS) and the Jervell and Lange-Nielsen syn-
drome (JLNS). The RWS is the most common form of
the LQTS and accounts for over 99% of cases. It is
transmitted as an autosomal dominant trait and it can
be divided into 12 subtypes (LQTI1 to LQT12). The
extremely rare, autosomal recessive, JLNS is associ-
ated with congenital deafness.

Table 9.1 LQTS subtypes and corresponding determinants

Chromosome Gene
LQT 1 11p15.5 KCNQ1
LQT 2 7q35-36 KCNH2
LQT 3 3p21-24 SCNS5A
LQT 4 4q25-27 Ankyrin-B
LQT 5 21q22 KCNEI1
LQT 6 21922 KCNE2
LQT 7 17q23 KCNJ2
LQT 8 1q42 CACNAI1C
LQT 9 3p25 CAV3
LQT 10 11923.3 SCN4B
LQT 11 7q21-22 AKAP9
LQT 12 20q11.2 SNTAL1

9.4 Molecular Genetics
and Pathogenesis

9.4.1 Molecular Genetics

Advantages of molecular genetics in the last decade of
the twentieth century have provided insights into the
mechanisms underlying the LQTS. The genetic defects
causing the LQTS are for the majority of cases located
in genes encoding for the o- and 3-subunits of the volt-
age-gated potassium channels (e.g., KCNQ1, KCNH2,
KCNEI1 and KCNE2). On the other hand, mutations in
the genes encoding for the cardiac sodium (SCN5A)
and calcium channel (CACNAI1C) can also result in
prolongation of the QT-interval. Finally, genes encod-
ing for several structural membrane scaffolding pro-
teins or proteins interacting with these cardiac channels
are responsible for some exceptional types of LQTS.
Since the first description of LQTS, over 300 muta-
tions have been described in 12 distinct LQTS-related
genes'*!(Table 9.1).

The dysfunction of the ion channels is caused by two
distinct biophysical mechanisms, consisting of coassem-
bly or trafficking defects and of the formation of chan-
nels with aberrant function.'” In the case of coassembly

Protein Function Current
KvLQT1 o-Subunit I,
hERG o-Subunit I,
Navl1.5 o-Subunit I,
Ankyrin-B Scaffolding I,
MinK [3-Subunit I,
MiRP1 [3-Subunit I,
Kir2.1 o-Subunit I,
Ca(v)1.2 o-Subunit I,
Caveoline-3 Scaffolding I,
Navl.5 4-Subunit I,
Yotiao ChIP I,
o1-syntrophin ChIP Iy,

ChIP channel interacting protein; Scaffolding structural membrane scaffolding proteins
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defects, the mutant subunits are not transported properly
to the cell membrane and fail to incorporate into the
tetrameric channel. The net effect will be a 50% or less
reduction in channel function (haploinsufficiency). The
second biophysical mechanism consist of the formation
of defective channels in which the product of the mutated
gene, being an abnormal protein, is transported to the
cell membrane and incorporated in the channel subunit.
This will lead to a dysfunctional channel, resulting in a
more than 50% reduction in channel current (dominant-
negative effect).

The LQTS type 1 (50% of cases) and type 2
(35-40% of cases) are caused by pathogenic mutations
in genes encoding the o-subunits of two specific volt-
age-gated potassium channels resulting in impairment
of the delayed rectifier current. The delayed rectifier
current comprises of two independent components:
one slowly activating (I, , KCNQI, LQTI) and one
rapidly activating (I, KCNH2, LQT2) component.
The pathogenic mutations will lead to a “loss of func-
tion” of the relevant ion channel and as a consequence
of that to a reduction of repolarizing potassium cur-
rent.'® This reduction in the repolarizing potassium
current results in a prolongation of the action potential
duration and thereby to the creation of the arrhyth-
mogenic substrate.

“Gain of function” mutations in the SCN5A-
encoded sodium channel protein, which are associated
with prolonged depolarization due to a small persistent
inward current (I ), are the cause of the LQTS type 3
(LQT3, 10-15%).

Rare subtypes of the LQTS stem from mutations in
genes encoding for the B-subunits of several cardiac
ion channels, which causes a disturbance of their func-
tion. They include KCNEI encoding the B-subunit of
the voltage-gated potassium channel responsible of the
slowly activating potassium current I, (minK, LQTS5,
2-3%), KCNE2 encoding the B-subunit of the voltage-
gated potassium channel responsible for the rapidly
activating potassium current [, (MiRP1, LQT6, <1%)
and the SCN4B-gene encoding the 4-subunit of the
I, sodium channel (LQT10, <1%).

The LQTI1, LQT2, LQT3, LQTS, LQT6, and
LQTI10 make up the classic forms of the congenital
LQTS and it is this group of ion channel genes that has
characterized this primary electrical heart disease as a
pure cardiac channelopathy.

During the past years, mutations in other genes have
been identified resulting in QT prolongation in single
individuals or just a few families. These LQTS-related

disorders involve mutations in the ankyrin-B gene
(LQT4), which product function as a cytoskeletal
membrane adapter as ankyrin-B is involved in anchor-
ing of ion channels to the cellular membrane and muta-
tions in the caveolin-3 gene with increase in late
sodium current (LQT9).'*2° Other rare LQTS-variants
are syndromes associated with abnormal cardiac repo-
larization. One of these syndromes is the Andersen—
Tawil syndrome (LQT7 or ATS1), due to mutations in
the KCNJ2-encoded Kir2.1 potassium channel
(reduced I | current), with a phenotype dominated by
minor skeletal (facial) abnormalities and periodic
hypokalemic paralysis.”*> Another syndrome is the
Timothy syndrome (LQTS or TS1), which is caused by
mutations in the a-subunit of the L-type calcium chan-
nel, which leads to an increase in Ca(v) 1.2 current.
The Timothy syndrome involves, among others, a typi-
cal syndactyly in hands and feet, mental retardation/
autism, and many more features.”

The autosomal recessive variant of the LQTS (JLN
syndrome) arises in patients who inherit abnormal
KCNQI1 or KCNEI] alleles from both parents, who are
usually without symptoms themselves. The abnormal
alleles can bear the same mutation as is usually the
case in consanguineous families or be different (com-
pound heterozygosity).*

In this chapter, we will focus on the clinically most
relevant forms of the LQTS, which are the LQTI,
LQT2, and LQT3 subtypes.

9.4.2 Mechanisms Involved in Arrhythmia

Torsade de Pointes is the classical ventricular arrhyth-
mia associated with LQTS. These TdP are either pause
dependent (LQT2) or may be induced during higher
heart rates without a preceding pause (LQT1).” Pause-
dependent TdP, common in LQT2, is triggered by early
afterdepolarizations (EAD), caused by Ca* release
from intracellular Ca* stores.”® Subsequently, Ca>*-
dependent transmembrane currents are altered in such
a way as to allow L-type Ca* channels to recover more
readily from inactivation and to reactivate before repo-
larization is complete, thus generating EADs. On the
other hand, in LQT1 the induction of TdP is not pause
dependent, suggesting a role for delayed afterdepolar-
izations (DAD), secondary to intracellular Ca** over-
load.” Experimental studies have shown that blockade
of the I, causes DAD.*
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Prolonged repolarization may result in reentry
through dispersion of repolarization. Augmented spa-
tial dispersion of repolarization within the ventricular
myocardium can lead to a unidirectional block in
conduction and set the stage for reentry, which is the
principal arrhythmogenic substrate.”° The reentry
mechanism is initiated by an extraventricular beat
(EAD or DAD).

Especially, in the LQT1 patients, events will occur
during higher heart rates. Stimulation of the -adrener-
gic receptor by epinephrine will lead to an increased
activity of the intracellular adenylyl cyclase activity,
which increases cAMP.*! cAMP will activate protein
kinase A, which phosphorylates among others, the K*
channels. Phosphorylation of K* channels will enhance
I, resulting in a reduction of the action potential dura-
tion.* The shorter duration of the action potential is
reflected in a shorter QT-interval during an increase in
heart rate.” In the case of LQT1 and LQTS5, the I
channels are not able to adjust to an increase in heart
rate, which will lead to an abnormal response to adren-
ergic stimulation with impaired shortening of the
action potential and subsequent progressively pro-
longed QTc during exercise and early recovery. Beta-
adrenergic regulation of I, (LQT2) is more complex
(reviewed*"). Differential results were found in studies
indicating either a reduction or an increase of I in
response to B-adrenergic stimulation. The exact mech-
anisms of action are beyond the scope of this chapter.

The rationale for treatment with [-blockers in
patients with LQTS (especially LQT1 and LQT2) is
the prevention of calcium overload in both types of
LQTS by preventing the loading of intracellular Ca?*
stores by cyclic adenosine monophosphate level
(cAMP)-dependent processes, notably Ca?* influx
through L-type Ca* channels.”® Furthermore, direct
effect on the B-adrenergic modulation of I and I
currents are responsible for the therapeutic effect. The
exact mechanisms are again beyond the scope of this
chapter.

The “gain of function” mutations in the sodium
channel in the case of LQT3 results in a persisting depo-
larizing inward sodium current during the plateau phase
of the action potential and as a consequence of that to a
prolongation of the repolarization as well. The increase
in the [ is especially important during slow heart rates.
During fast heart rates, the effect of the pathogenic
mutation is less because Na* will accumulate in the cell.

This phenomenon will lower the Na* gradient across the
membrane and thereby the magnitude of I *, resulting
in a shorter QT-interval during exercise, even more than
normal.”’

9.5 Clinical Aspects

9.5.1 Clinical Presentation in General

The clinical picture of the LQTS is diverse. It can vary
from a lifelong asymptomatic course in approximately
half of the patients with genetically proven LQTS to
recurrent syncopal attacks, seizure like episodes, and
premature sudden cardiac death in others. The consider-
able variation in the phenotype of LQTS (incomplete
penetrance) is presumably caused by several modifying
factors, including genetic polymorphism at the mutated
locus and environmental factors. Underlying the pre-
senting symptoms, syncope, ACA and SCD are poly-
morphic ventricular tachyarrhythmias in the form of
TdP, and ventricular fibrillation. These TdP are most
often self-limiting but in some cases they degenerate
into ventricular fibrillation leading to sudden death.
Syncope is the most frequent symptom in LQTS.
Among symptomatic probands, approximately 50%
will experience their first cardiac event (syncope or
death) before the age of 12 and by the age of 40 this is
increased to approximately 90%.* Less than 5% of the
LQTS patients will present with sudden cardiac death
(SCD) or aborted cardiac arrest (ACA) as first symp-
tom. Conversely, however, less than half of the sudden
death victims with LQTS experienced a prior warning
episode of syncope, which means that the occurrence of
ventricular fibrillation is unpredictable in many cases.
In the majority of LQTS patients, cardiac events will be
triggered by physical activity, emotional stress, or rest.

9.5.2 Genotype-Phenotype
Specific Correlations

The clinical course of LQTS is in particular dependent
on the genotype concerned (Table 9.2). By the age of
15, more than 60% of LQT1 patients have had a cardiac
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Table 9.2 Clinical characteristics in the common forms of LQTS

LQT1 LQT2 LQT3
Prevalence (%)% 50 35-40 10-15
Events occurring with exercise 88 56 32
or emotion (%)*
Events occurring at rest or sleep (%)* 3 29 39
Lethal events occurring with 82 29 16
exercise or emotion (%)*
Lethal events occurring 9 49 64
at rest or sleep (%)*
Specific triggers Swimming/diving Loud noise Sleep/rest
Pause dependency in TdP onset™ - ++ +/-?
Augmented risk postpartum® + +++ +
Median age first event® 9 12 16
Events< 10 year (%)* 40 16 2
Events <40 year (%)* 63 46 18
Death during event (%)™ 4 4 20
Sudden death as presenting 2 1 3
symptom (%)*
Efficacy of B-blocker +++ ++ +?

TdP torsades de pointes

event, compared to less than 10% in LQT3 patients.*
The number of events that occurred till the age of 40
was also higher in LQT1 (63%) or LQT2 (46%) than
LQT3 (18%). In contrast, the likelihood of death per
cardiac event is much higher in LQT3 (20%) than in
LQT1 and LQT2 (4%).”

The triggers for arrhythmic episodes and cardiac
events also depend on the genotype.

LQT1 patients experience the majority of their
events during intensive physical exercise, emotional
stress, or other conditions associated with elevated
sympathetic activity such as anger and fright.** Very
specific and particularly frequently occurring triggers
for malignant ventricular arrhythmias in LQTI1
patients are swimming and diving.**> The symptoms
in LQT?2 patients occur both during exercise and in
rest. In fact, 15% of events occurred in rest and/or
sleep. Auditory stimuli such as telephone ringing,
doorbell ringing, or the sound of an alarm clock are
very specific triggers for LQT2-related life-threaten-
ing arrhythmias.*” Patients with LQT3 are at particu-
larly high risk for cardiac events at rest or during

sleep, because their QT-interval is excessively pro-
longed at slow heart rates.*

9.5.3 Clinical Diagnosis

The clinical diagnosis of LQTS is made by a solid
evaluation of the history of the patient. In addition, a
careful inquiry about family history of unexplained
sudden death or recurrent syncope at young age is of
great importance. Take notice of unexpected drowning
in a good swimmer, road traffic accidents without
obvious cause, familial epilepsy, and sudden infant
death, which are all suspicions for possible malignant
ventricular arrhythmias. Finally, sudden death with
negative postmortem examination should trigger a
family investigation for several cardio-genetic diseases
including LQTS.

In addition to clinical history, it is important to con-
duct a precise examination of the electrocardiogram
(ECG) at rest and/or during exercise (Table 9.3).
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Table 9.3 Electrocardiographic characteristics in LQTS type 1-3

LQT 1
Normal QTc (<440 ms) 56
male (%)'"”
Normal QTc (<460 ms) 64
female (%)'"”
QTec shortening with exercise <Normal

Broad-based and
prolonged T waves

Specific ST-T wave
abnormalities

Signs of sinus node dysfunction +
at rest’®

Signs of sinus node dysfunction +
during exercise®

QT prolongation in response +

to epinephrine (steady state)®’

LQT 2 LQT 3
33 29

55 61
Normal >Normal

Widened, bifid T;
low amplitude T in
lead II, III, and avF

Long isoelectric segment with late
appearing T with sharp deflection

++

Screening ECGs from family members may be infor-
mative as well. Structural heart diseases should be
excluded by echocardiography or MRI-scanning.

9.5.4 Clinical Diagnostic Criteria

The typical cases of LQTS patients present no diag-
nostic difficulty for most of the physicians aware of the
disease. In other cases it can be troublesome and more
variables are necessary than clinical history and ECG
only. To overcome these problems, diagnostic criteria
were first proposed in 1985 by Schwartz and col-
leagues.* The latest diagnostic criteria are listed in
Table 9.4.% The score ranges from 0 to 9 points and
contains three diagnostic probabilities: low probability
(01 point), intermediate probability (2-3 points), and
high probability of LQTS (3% points or more).

One should consider that these criteria have been
defined in the pre-molecular era and should be used
with common sense. They should be used only for the
diagnosis of LQTS for a patient who is suspected to
have the disease on clinical ground.

9.5.5 QT-Interval

The QT-interval on the ECG is defined as the time
interval between the onset of QRS complex and the

end of the T-wave. The end of the T-wave is defined as
the intersection of a tangent* to the steepest slope of
the last limb of the T-wave and the baseline, in lead II
or V5 and V6. This value has to be corrected for the
heart rate according to the Bazett’s formula by divid-
ing it by the square root of the preceding RR interval in
seconds. (QTc=QT-interval/square root of RR inter-
val).*” Howeyver, at slow heart rates there is an overcor-
rection and at fast heart rates there is an undercorrection
of the QTc. Calculations should be based on the lon-
gest QT-interval measured. When sinus arrhythmia
exists, an average QTc of at least three consecutive
QRST complexes in lead II has to be calculated.*® It is
of great importance that the QTc is calculated manu-
ally by a physician with expertise in LQTS because it
can be quite difficult in some cases.**>

Before the beginning of the molecular erain LQTS,
QTc in excess of 440 ms in males and 460 ms in
females were considered prolonged.’'->* The longer
QTc in women become evident after puberty, sug-
gesting a role for hormonal changes. Nowadays we
know that there is a considerable overlap in QTc
between “normals” and LQTS patients. Healthy indi-
viduals can have QTc up to 480 ms and many geneti-
cally proven LQTS patients have QTc within normal
limits (<440-460 ms). This means that a normal QTc
does not rule out a genetic predisposition to LQTS,*
a consequence of the reduced penetrance of the LQTS.
In fact, 10-50% (depending on genotype) of geneti-
cally proven LQTS patients do not show overt QT
prolongation on a baseline ECG.!!**% However, data
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Table 9.4 1993-2006 Long QT syndrome (LQTS) diagnostic criteria (From Crotti et al. *°)

Points
Electrocardiographic findings *
A QTc® > 480 ms 3
460 — 470 ms 2
450 — 459 (male) ms 1
B Torsade de pointes © 2
C T wave alternans 1
D Notched T wave in 3 leads 1
E 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 1qts 1
B Unexplained sudden cardiac death below age 30 among immediate 0.5

family members

In the absence of medications or disorders known to affect these electrocardiographic features

"QTc calculated by Bazett’s formula where QTc= QT/\/RR
‘Mutually exclusive

dResting heart rate below the 2™ percentile for age

°The same family member cannot be counted in A and B
Score:<1 point=1low probability of LQTS

>1 to 3 points =intermediate probability of LQTS

>3.5 points =high probability of LQTS

from the Mayo LQTS clinic show that a QTc
value <400 ms has a virtually 100% negative predic-
tive value and that a QTc of 480 ms or more almost
always indicates acquired or congenital LQTS. For
screening purposes, in the general population, we
advise to consider QTc of 470 ms or more as pro-
longed to maximize both the positive and negative
predictive values.!” In general practice, one can use
the three-level ECG classification, which is described
by Goldenberg et al.’® (Table 9.5).

9.5.6 T Wave Morphology

LQTS patients often have an abnormal, genotype spe-
cific morphology of the ST-T segments, independently

of the duration of the QT-interval (Fig. 9.3a—c). These
T-wave abnormalities may be evident particularly in
the lateral precordial leads. LQT1 patients typically
have broad-based and prolonged T waves.” In contrast,
LQT?2 patients typically have characteristic widened
bifid T-waves, mostly low in amplitude in the extremity
leads.”™ A notch above the apex of the T-wave (G2
notch) often indicate LQT2, but is not commonly found

Table 9.5 Practical three-level ECG classification (Adapted
from Goldenberg et al.*®)

Rating 1-15 years Adult male Adult female
Normal <440 ms <430 ms <450 ms
Borderline 440460 430-450 450-470
Prolonged  >460 ms >450 ms >470 ms
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Fig.9.3 (a) LQTI; (b)
LQT2; (¢) LQT3
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on the baseline ECG.” They can appear, however, isoelectric segment with a late-appearing T-wave with
under low-dose epinephrine testing and so unmask a a relatively sharp deflection and a normal duration;
concealed LQT2.% Finally, LQT3 patients have a long however, this can also be seen in LQT1 patients.
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9.5.7 T Wave Alternans

Beat-to-beat alternation in the T wave morphology,
in polarity or amplitude, may be present in rest for
brief moments but most commonly appears during
emotional or physical stress and may precede TdP. It is
a marker of major electrical instability and regional
heterogeneity of repolarization and it identifies patients
at high risk for malignant arrhythmias.®'

9.5.8 QT-Dispersion

QT-dispersion is defined as the difference between the
maximal and minimal QT-intervals in the 12 standard
leads. It is increased in LQTS patients and it has been
described as an arrhythmic marker; however, normal
values are not available.®

9.5.9 Sinus Node Dysfunction

Signs of sinus node dysfunction, consisting of sinus
bradycardia, sinus pauses, and a lower than expected
heart rate during exercise have been reported in LQTS
patients.* Slow heart rates can be particularly striking
in younger children. In addition, LQT3 carriers regu-
larly present with significant sinusbradycardia and
sinus pauses at rest.®

9.5.10 Holter Monitoring

Holter monitoring during 24 or 48 h may aid in the
evaluation of LQTS, but caution must be taken because
normal values of maximal QTc are lacking at the
moment. A holter-recorded maximum QTc greater
than 500 ms does not equal LQTS! The value in holter
monitoring lies in detecting T wave abnormalities sug-
gestive of LQTS in patients with borderline QT pro-
longation and uncertain clinical diagnosis.”” Sometimes
24-h ECG-monitoring can be useful in detecting bra-
dycardia-induced QT prolongation in LQT3 patients
or pause-dependent QT prolongation in LQT?2 patients.
In fact, in many cases of LQT2 patients, the onset of

TdP is typically pause dependent, being initiated by a
short-long-short sequence of preceding RR intervals.”
This phenomenon is absent or rare in LQT1 patients.
In addition, one can use holter monitoring for detec-
tion of ECG-signs of high electrical instability, for
example, T wave alternans and QT-dispersion for risk
stratification in known LQTS patients.

9.5.11 Exercise Testing

Exercise testing can be performed to identify a con-
cealed LQTS patient (especially LQT1) or can be done
in patients having already a diagnostic QTc at rest.
LQT]1 patients have an inadequate shortening of QTc
with increasing heart rates and an exaggerated prolon-
gation of the QT-interval after exercise.® In addition,
they may have a diminished chronotropic response.®
In LQT?2 patients, the chronotropic response to exer-
cise usually is normal as is the shortening of the
QT-interval. In LQTS3, the QT-interval shortening is
slightly more than normal.”” Exercise-induced ventric-
ular ectopy is uncommon in LQTS and should prompt
suspicion for catecholamine-induced polymorphic
ventricular tachycardia.®

9.5.12 Epinephrine Stress Test

A substantial part of patients with LQTS have a nor-
mal QTc at baseline (10-50%), especially LQTI1
patients. To unmask these concealed mutation carriers
or low penetrant patients, a provocation test with epi-
nephrine can be useful, again especially in LQT1.
The two proposed protocols that exists for epinephrine
QT stress testing include the escalating-dose protocol
by Ackerman’s group (“the Mayo protocol”)%” and the
bolus injection followed by brief continuous infusion
by Shimizu’s group (“the Shimizu protocol’).%®

Both protocols are safe and well tolerated. Induction
of TdP or ventricular fibrillation is uncommon.
However, their use in clinical practice is debated
because normal subjects also showed QT- and QTc
prolongation, in varying degree, in response to epi-
nephrine infusion, and normal values are missing at
the moment. The specificity of the proposed criteria
for epinephrine provocation in diagnosis of the LQTS
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is variable; however, paradoxical QT prolongation at
low-dose epinephrine (Mayo protocol) or a
QTc>600 ms at any dose is highly specific.®

9.5.13 Differential Diagnosis

In typical cases of syncope and clear prolonged
QT-interval on the ECG the diagnosis of congenital
LQTS can be quite simple. In borderline cases, how-
ever, the following conditions should be considered:
acquired long QT syndrome, vasovagale syncope,
orthostatic hypotension, hypertrophic cardiomyopa-
thy, arrhythmogenic right ventricular cardiomyopa-
thy, catecholamine-induced polymorphic ventricular
tachycardia, and epilepsy. Most of these disease-enti-
ties can be demonstrated or ruled out with additional
cardiological evaluation.

The acquired long QT syndrome can be secondary
to or associated with drug-therapy, myocardial isch-
emia, several cardiomyopathies, heart failure, left
ventricle hypertrophy, hypokalemia, hypocalcemia,
hypomagnesemia, autonomic influences, hypothyroid-
ism, and hypothermia.

Drugs that prolong the QT-interval include anti-
arrhythmic agents such as sotalol and amiodarone and
many non-cardiovascular drugs such as haloperidol.
Most drugs that cause TdP block the rapid component
of the delayed rectifier current, and previously unrec-
ognized LQTS, of any sub-type, can be identified in
5-20% of patients with drug-induced TdP.”® In addi-
tion, several genetic alterations have been identified
that predispose people to drug induced QT-interval
prolongation.”®”!

9.6 Molecular Genetic Diagnosis

Until recently the LQTS was a pure clinical diagnosis,
but nowadays commercially available molecular
screening is becoming more and more part of the rou-
tine diagnostic process. The genetic testing may also
provide additional information, which can be used for
the risk stratification process and the way of treatment.
Detailed genetic counseling by a clinical geneticist and
a cardiologist is warranted before testing, particularly
for asymptomatic persons for whom the option of not
testing must also be discussed.

Genetic testing for the common subtypes of LQTS
can identify a mutation in 50-75% of probands in whom
the diagnosis appears to be certain on clinical grounds.”
It is important to notice that a negative genetic test in a
subject with clinical LQTS does not rule out the diagno-
sis! The false negative ones are probably due to techni-
cal difficulties with genotyping, noncoding variants, or
as yet unidentified disease-associated genes.

The specific clinical picture and/or the typical
abnormalities on the ECG can guide the mutation anal-
ysis as they can suggest the affected gene in 70-90%
of patients.”™ "

The identification of the pathogenic mutation in the
proband is also of great importance for family screen-
ing, because it allows for the identification of all
affected family members potentially at risk for sudden
cardiac death, even those who are asymptomatic and
have a normal QTc. These concealed LQTS patients
constitute a significant minority (25-50%) of the total
LQTS population.” Identification of asymptomatic
mutation carriers is important because preventive mea-
sures as avoidance of QT-interval prolonging drugs can
be taken and screening of their children, who may have
or develop more severe disease, is indicated as well.

Hundreds of mutations in the 12 genes linked to the
LQTS have been identified thus far. Most reported
mutations are in the coding regions of the gene,
although noncoding mutations, which result in the loss
of allele expression, have also been described (in the
potassium channel genes). Also larger genomic rear-
rangements, for example, deleting a large part or the
entire KCNQ1 gene, can occur. Most families have
their own mutations, which are often termed “private”
mutations. In most cases of LQTS, the mutation
involved is a missense mutation (>70%). In other
cases, it can be a frameshift mutation (10%), in-frame
deletion, nonsense mutation, or splice-site mutation.'*

One should be aware of the fact that genetic testing
for LQTS-genes also has the potential for false posi-
tive results, since detection of a previously unde-
scribed mutation with unknown significance does not
establish the diagnosis. Further analyses by linkage
within a family or in vitro studies may be necessary to
establish the functional significance of the specific
mutation found.

Molecular genetic testing may also be of help in avoid-
ing misdiagnoses. This was demonstrated by the recent
data from Taggart and colleagues, who showed that
genetic testing of patients in combination with a superb
clinical evaluation by a specialized cardiologist may
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improve the diagnostic process because a large minority
of individuals referred as having LQTS were found to be
unaffected based on frequently occurring miscalculation
of QTc or misinterpretation of symptoms.”

In addition, testing of non-LQTS-related genes can
lead to the correct diagnosis in specific cases. Tester
and colleagues found ryanodine receptor gene muta-
tions responsible for the primary arrhythmia syndrome
“catecholaminergic polymorphic ventricular tachycar-
dia” in 17 of 269 (6.3%) patients with negative LQTS
genetic testing.”’

Genetic testing has not been evaluated so far in
patients presenting with syncope, borderline QTc
interval, and a negative family history. For them the
incidence of false positive and false negative test
results and their implications for therapy currently
remain unknown.

9.7 Risk Stratification

The clinical course of LQTS is variable even within
families because of incomplete penetrance. It is influ-
enced by age, gender, genotype, environmental factors,
therapy, and probably modifier genes. Continuous risk
assessment for life-threatening cardiac arrhythmias is
warranted in LQTS patients, because the risk for the
individual patient may vary during life.

The main clinical risk factors consist of gender,
QTc duration, and a history of syncope.

The genetic risk factors for malignant ventricular
arrhythmias are mainly determined by the biophysical
function of the mutations and the location of the muta-
tion in the gene, rather than the specific type of LQTS.

9.7.1 Gender

Data from the international LQTS Registry demon-
strate that the phenotype shows major time-dependent
gender differences in the risk of cardiac events (syn-
cope, ACA, SCD).”® The rate of fatal or near-fatal
events in children is significantly higher among boys
than among girls throughout childhood, despite the
fact that girls have longer QTc intervals. Male gender
is independently associated with a significant increase
in the risk of these events before age 15, whereas a
gender risk reversal was shown to occur after age 14.7°

During childhood, LQT1 boys have significantly more
risk of syncope, ACA or SCD, than LQT1 girls.*
There was no difference between boys and girls with
LQT2 and LQT3. More recent studies analyzed only
risk factors for life-threatening cardiac events and did
not investigate syncopal events.®'* These studies dem-
onstrated that the cumulative risk for ACA and SCD in
children (age 1-12) was 5% in boys and 1% in girls
(p<0.001).3 After 16 years, females, both in LQTI
and 2, have a higher risk of cardiac events than males.
They maintain higher risk than male patients through-
out late adolescence and during adulthood.®* In
adulthood (age 40-60) the LQTS-related risk in women
continues to be high, whereas event rates among
affected men are not significantly different from those
observed in unaffected men.** However, in affected
men over age 40 the risk of ACA or death is similar to
the risk in affected women. This means that the higher
arrhythmic risk for LQTS women over 40 counterbal-
ances the increased male risk due to acquired cardio-
vascular diseases. The mechanisms behind these
age-specific gender differences are unknown. In the-
ory, they are caused by environmental (epi), genetic, or
hormonal factors.

9.7.2 QTc Duration

A baseline QTc of >500 ms in LQTS patients is asso-
ciated with a high risk of syncope, ACA or SCD.
Recent data showed that the baseline QTc in LQTS
patients is also a major risk factor for life-threatening
cardiac events (ACA or SCD) only.?'-** In adolescents
a QTc>530 ms was associated with a significant
increase in the risk of ACA or SCD compared with
shorter values.® Adults with a QTc > 500 ms carry a
significantly increased risk.®? There appears to be con-
siderable variability in the QTc interval when serial
ECGs of one patient are recorded The maximum QTc
interval measured at any time seems to be the stron-
gest predictor.®

9.7.3 Time-Dependent Syncope

Recent data from the international LQTS Registry
demonstrated that a history of syncope, assessed as a
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time-dependent factor, is the most powerful predictor
of life-threatening cardiac events.** The time of
occurrence and frequency of the syncopal events affect
outcome. In adolescents (age 10-20) the risk is
increased 18-fold when there have been two or more
syncopal events in the last 2 years. The risk is increased
12-fold when there was only one syncopal event dur-
ing the last 2 years. Any syncope 2—-10 years ago
increased the risk by a factor 3.8 In adults (age 18-40),
time-dependent syncope after age 18 gives a>fivefold
increase of the risk, while a syncopal event before age
18 was not a significant factor.®?

9.7.4 Stratification of Risk

LQTS risk groups may, in general, be categorized as
high, intermediate, and low.* The high risk group con-
sists of patients with a history of aborted cardiac arrest
and/or documented torsades des pointes. The intermedi-
ate risk group consists of subjects with time-dependent
syncope and/or QTc>500 ms. Patients in the low risk
group did not experience any syncope and have a
QTc<500 ms.

9.8 Specific Risk Factors

9.8.1 Biophysical Function
and Location of the Mutation

Recent genotype—phenotype studies from the interna-
tional LQTS Registry have provided important infor-
mation about the effect of location, coding type, and
biophysical function of the channel mutations on the
manifestation and clinical course of LQTS patients.?"#
The biophysical function appeared to be an important
determinant of outcome. In a study of 600 patients
with 77 different KCNQI mutations, the dominant-
negative ion channel dysfunction had a>twofold
increase in the risk of cardiac events compared with
those patients who had mutations with haploinsuffi-
ciency effects.®® The same study showed that patients
with transmembrane mutations had a significantly
higher risk of cardiac events compared with C-terminus
mutations. In addition, several recent studies showed

that the dominant-negative KCNQ1-A341V mutation
is associated with a particularly high clinical severity
independently of the ethnic origin of the families.*!
The location of the mutation was also shown to be an
important factor in LQT?2 patients.*” Patients with pore
mutations in the KCNH2 gene were shown to have
more severe ECG-signs and clinical manifestations
occurring at an earlier age compared with subjects
with non-pore mutations.®” Additional genetic variants,
however, may be present and may modify clinical
severity of otherwise less severe mutations.”?

9.8.2 LQTS Genotypes

Recent reports only assessing the life-threatening
events ACA and SCD suggest that a specific genotype
(LQT1-2-3) does not contribute significantly to the
outcome after correcting for the clinical risk
factors.8'-8

9.8.3 Postpartum Period

The risk of syncope and sudden death is decreased
during pregnancy. The postpartum period, however,
is associated with a significant augmented risk of car-
diac events in all types of LQTS, especially in
LQT2.%* The increased risk clusters in the 9-month
period after delivery. In this period, cardiac events are
more common in LQT2 (16%) than in LQTI
(<1%).%¢ Nearly 10% of female probands experi-
ence their first event during this period.”® The mecha-
nisms by which the arrhythmias are generated are not
clear. Many cofactors potentially play a role. Among
these, changes in hormone balance (high levels of
estrogens and progesterone), fatigue and sleep depri-
vation, stress, noise (crying of the baby), and anemia
might play a role.” It is not known whether there is
also an association with breastfeeding or the number
of previous pregnancies.

Treatment with B-blockers should be continued
during and directly after pregnancy. A close cardiac
follow-up with serial ECGs and monitoring in a clini-
cal setting after delivery is recommended when QT
duration is significantly prolonged in comparison with
prepregnancy values or when QTc exceeds 500 ms.”’
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9.8.4 Family History

The severity of symptoms in the proband does not
predict the severity in affected family members.”
A family history of SCD in a first-degree relative is
not a significant predictor of outcome during
childhood.*

9.9 Therapy and Prognosis

Data to guide the management of patients with LQTS
have become available generally from large registries
and referral centers and therefore may not reflect every
patient since more severe cases may be overrepre-
sented. Randomized trials of therapy are lacking
because of the low prevalence of the LQTS and the
variable penetrance of the disease.

General and genotype-specific lifestyle measures as
well as the avoidance of QT-prolonging drugs are appli-
cable to every LQTS patient. In addition to these obligate
measures one often has to initiate B-blocker therapy, as
most of the episodes of malignant ventricular arrhyth-
mias are due to a sudden increase in sympathetic activ-
ity.* The efficacy of B-blockers has been recognized
since the first description of the syndrome. However, one
should remember that B-blocker therapy is not entirely

Table 9.6 Therapy in symptomatic LQTS patients

LQT 1
Lifestyle measurements, +
contraindicated medication, and
gene-specific measurements
B-blocker therapy!'!! +

Pacemaker therapy (always in
combination with 3-blocker
therapy)'*

Left cardiac sympathetic
denervation (LCSD)'*

effective in preventing malignant ventricular arrhyth-
mias. Beta-blocker failure can be due to inadequate dos-
age, noncompliance, concomitant use of QT-prolonging
medication, and/or incomplete effectiveness of 3-block-
ers themselves. In addition, one has to know that there
might be a period of extra risk after stopping B-blockers
due to the up-regulation of B-receptors while on treat-
ment. After initiating B-blocker therapy one has to decide
whether this treatment will be safe enough for that patient
in particular, because in some cases additional non-phar-
macological interventions are necessary.®

The overall mortality in untreated, symptomatic
LQTS patients is high and approached 50% over 10 years
in early series.” Especially, remarkable is the mortality
of 20% in the first year after the initial syncope.

9.9.1 Symptomatic Patients

9.9.1.1 General Lifestyle Measures

As stated LQTS-related syncope and death are most
often adrenergically mediated (Table 9.6). Therefore,
restriction of participation in competitive sports and/or
athletic activities is generally recommended. However,
it is not known whether this restriction should apply to
patients, in which adrenergic stressors are not that
prominent.

LQT 2 LQT3
+ +
+ ?

Pronounced sinus
bradycardia

Pause-dependent TdP

Recurrent syncope despite 3-blocker therapy
Absolute contraindication for B-blocker therapy

Electrical storm with ICD shocks

ICD therapy'®

Aborted cardiac arrest with or without therapy*

Recurrent syncope despite 3-blocker therapy and/or LCSD

Absolute contraindication for B-blocker therapy in some cases

Most LQT three patients (QTc>500 ms)

Special request patient or his/her parents, after thorough evaluation of the pros and cons

TdP torsade de pointes
“Debatable in LQT 1 without B-blocker therapy (see Vincent et al.'’")
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Cardiac and noncardiac drugs that block the I cur-
rent and thereby prolong the QT-interval are contrain-
dicated. A drug list of contraindicated medication can
be found on www.azcert.org/medical-pros/druglists/
drug-lists.cfm or on www.qtdrugs.org or on www.car-
diogenetica.nl. Such a list should be given to all LQTS
patients.

9.9.1.2 Beta-Adrenergic Blockade

Beta-adrenergic blocking agents represent the therapy
of choice in symptomatic LQTS patients, unless spe-
cific and valid contraindications exist. Long-acting
preparations such as propranolol retard, metoprolol
retard, or nadolol are usually used in a maximal toler-
ated dose. Beta-blockers seldom result in excessive
bradycardia, especially if the dosage is increased over
several weeks very gradually.

Beta-blockers are extremely effective in LQT1
patients because the impairment of the I current
makes them particularly sensitive to cathecholamines
and very responsive to B-blockade. Priori and her col-
leagues demonstrated that cardiac events among geno-
typed patients receiving B-blockers occurred in 10% of
LQT]1 patients versus 23% in LQT2 patients and 32%
in LQT3 patients during a mean follow-up of 5.2 years.
Cardiac arrest occurred in 1.1%, 6.6%, and 14% for
LQTI1, LQT2, and LQT3, respectively.'” These data
and others showed that therapy with B-blockers alone
is most often sufficient for LQT1 patients, also in case
of aborted cardiac arrest as initial symptom.'”' Beta-
blocker noncompliance and use of QT-prolongating
drugs appeared responsible for almost all life-threaten-
ing “B-blocker failures” in LQT1 patients.'”" LQT2
and LQT3 patients are less well protected by B-block-
ers and for them (LQT3 in particular) additional thera-
pies seem necessary in many cases.'**%?

9.9.1.3 Left Cardiac Sympathetic Denervation

Left cardiac sympathetic denervation (LCSD) consists
of the removal of the first four thoracic ganglia and can
be performed quite safe without the necessity of thora-
cotomy. The major complication of the operation, the
Horner’s syndrome, can almost always be avoided. In
approximately 30% of patients, a very modest ptosis
will remain after the operation.

Peter Schwartz and his group reported their results
on 147 LQTS patients who underwent LCSD in the
last 35 years.'” LCSD is associated with a significant
reduction in the incidence of aborted cardiac arrest and
syncope in high-risk LQTS patients. However, LCSD
is not entirely effective in preventing cardiac events
including sudden cardiac death during long-term fol-
low-up. LCSD should be considered in patients with
recurrent syncope despite beta-blockade and in patients
who experience arrhythmia storms with an implanted
defibrillator. Potentially LQT3 patients with major
QTc prolongation and a personal or family history of
events during rest or sleep should be considered for
LCSD.

9.9.1.4 Pacemaker Therapy

Cardiac pacing as a therapy to prevent malignant ven-
tricular arrhythmias in LQTS patients is seldom indi-
cated. However, in some cases it can be highly
effective.'™ For patients whose onset of TdP is pre-
ceded by a pause, as can be the case in LQT2, a pace-
maker as adjunct to other therapy programmed with
pause-preventing algorithms might be useful.> LQT3
patients with pronounced sinus bradycardia, which can
be more prominent on B-blocker therapy, may benefit
as well because the QTc lengthened disproportional
during slow heart rhythms. Also in infants or young
children with 2:1 AV-block pacemaker, implantation
remains a reasonable choice as a bridge to the ICD.

However, if a pacemaker is considered, it is proba-
bly more logical to implant an ICD with adequate pac-
ing modes. In addition, one should remember that
cardiac pacing should always be combined with
[-blocker therapy.

9.9.1.5 Implantable Cardioverter Defibrillator

Implantable cardioverter defibrillator (ICD) therapy is
widely considered in LQTS patients at high risk for
sudden death, but the clinical problem is how to select
the appropriate patient for this therapy. It is commonly
agreed that in the case of a documented cardiac arrest
in a LQTS patient, either on or off therapy, an ICD
should be implanted along with the use of B-blockers
(Class I indication, level of evidence: A).'% Recently,
however, Vincent et al. showed that resuscitated LQT1


http://www.azcert.org/medical-pros/druglists/drug-lists.cfm
http://www.azcert.org/medical-pros/druglists/drug-lists.cfm
http://www.qtdrugs.org
http://www.cardiogenetica.nl
http://www.cardiogenetica.nl

9 Congenital Long QT-Syndrome

159

patients (in the absence of B-blocker) may do well on
B-blockade alone.!”* Furthermore, implantation of an
ICD with continued use of B-blockers can be effective
to reduce sudden cardiac death in LQTS patients expe-
riencing syncope and/or VT while receiving B-blockers
(Class Ila, level of evidence: B).!%

The indications for prophylactic ICD implantation
in asymptomatic patients are less clear and less uni-
form. The guidelines indicate that implantation of an
ICD with the use of B-blockers may be considered for
prophylaxis of sudden cardiac death for patients in cat-
egories possibly associated with higher risk of cardiac
arrest such as LQT?2 and LQT3 (Class IIb, level of evi-
dence: B).'” Long-term follow-up studies are needed
to help decision making. Nevertheless, there has been
a major increase in the number of ICDs implanted in
LQTS patients, probably in many cases not justified.

The available data from both the USA'® ICD-LQTS
Registry shows that the majority of the implanted
patients has not suffered a cardiac arrest and, more-
over, many had not even failed -blocker therapy. One
should not forget that the ICD does not prevent occur-
rence of malignant ventricular arrhythmias and that
TdP are frequently self-terminating in these patients.
In addition, ICD therapy is not without complications,
such as infection and lead complications. The need for
several battery and leads replacements, especially
when implanted at young age, also remains a major
clinical problem.

In our practice, the practical way to interpret the
guidelines are as follows: (1) after a cardiac arrest
(with or without other therapy) with possible excep-
tion for LQT1 patients not on -blocker, (2) recurrent
syncope despite full dose of B-blockade and possibly
LCSD, (3) definite contraindication for [B-blockers
(exceptional), (4) specific patients with high risk char-
acteristics based on age, sex, previous history, genetic
subgroup (including sometime mutation-specific fea-
tures), or presence of typical ECG signs indicating
high electrical instability, (5) when requested by the
patient or his/her parents after thoroughly explaining
the risk/benefit ratio of an ICD and of alternative treat-
ment modalities (B-blocker and LCSD).

When the indication for an ICD is established a
decision needs to be made on the type of ICD. A factor
to consider is the massive release of catecholamine,
triggered by pain and fear that follows an ICD dis-
charge in a conscious (young) patient, which may give
rise to further arrhythmias and to further discharges.

At the end of this dramatic vicious circle, the ICD can
stop while the ventricular arrhythmia is not terminated.
Specifically, to mitigate this effect, one can choose an
ICD with special features like a long time prior to dis-
charge to allow a spontaneous return to sinus rhythm
after onset of TdP/VF. In addition, a period of rela-
tively rapid pacing in the atrium after an appropriate
shock could be of significance in preventing new ven-
tricular arrhythmias and new shocks.'” However, this
latter algorithm is not standard in all ICDs available at
this moment.

9.9.1.6 Genotype Specific Measures
and Therapies

LQT1 patients should not be allowed to participate
in competitive sports. Swimming is particularly
dangerous, as 99% of the arrhythmic episodes associ-
ated with swimming were shown to occur in LQT1
patients.** Hence, swimming should be allowed only
under guidance.

As LQT?2 patients are at higher risk while awaking
from sleep or rest by a sudden noise, it is recommended
to remove telephones and alarm clocks from the bed-
room, which can cause a startle reaction and initiate a
polymorphic ventricular arrhythmia. In addition, it is
sensible to wake children in the morning with caution.
LQT?2 patients are especially vulnerable when their
potassium level is low and efforts should be made to
maintain a serum potassium level >4 mEq/L. In case of
hypokalemia, oral K*-supplements should be given.

Specific data regarding management of LQT3
patients are more limited because of the lower preva-
lence. There seems no benefit in restricting normal
physical activity. An intercom system in the bedroom
can be advised to detect a noisy gasping preceding
death because of a progressive but slow fall in blood
pressure as a consequence of the TdP.

The response to B-blocker therapy seems relatively
poor in contrast to LQT1 and LQT2. Because LQT3
patients were shown to have excessive further prolon-
gation of the QT-interval at slow heart rates, B-blocker
therapy can even be harmful, although this has not
been demonstrated convincingly.'” Therefore, an early
prophylactic ICD implantation might be considered in
high-risk LQT3 patients. Sodium channel blockade
represents a rational approach for a gene-specific ther-
apy in LQTS3, since the causative mutation precipitate
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an increase in late sodium current via the Nav 1.5
sodium channel. Therefore, in some cases mexiletine
can be given in addition to B-blocker therapy after
tested efficacious in shortening QTc significantly by
more than 40 ms.'”> However, long-term studies are not
available and these drugs can therefore not replace the
regular treatment options. Ranolazine, a novel drug
that reduces late sodium channel current, might be of
great potential in the future.'®

9.9.2 Asymptomatic Patients

Asymptomatic LQTS patients should get the same gen-
eral and specific lifestyle measures as their symptomatic
counterparts. They should also have a list of drugs to be
avoided. Given the fact that sudden cardiac death can
be the first manifestation of LQTS patients it is consid-
ered necessary to prescribe a B-blocker to nearly all
asymptomatic patients. However, there are some rea-
sonable exceptions to make. Patients with a normal QTc
(<440 ms), for example, have a very low risk and their
treatment seems optional; the specific type of mutation
they have could possibly influence the choice. In addition,
LQT1 males older than 20-25 years, with a QTc <500 ms,
also carry a very low risk. In a minority of cases of asymp-
tomatic patients a prophylactic ICD is indicated or wanted.
These are patients with earlier mentioned high risk char-
acteristics or with a special request.

9.10 Family Screening

Since the LQTS is a familial, monogenetic condition,
all first degree family members should be screened for
this potentially dangerous disease. First-degree family
members are those who are sibling (brother or sister),
parent, or child of the index patient. Given the auto-
somal dominant mode of inheritance, all of them have a
50% change of being an asymptomatic or symptomatic
gene carrier.

Predictive genetic testing in first degree family
members of a LQTS patient is a very important part of
prevention, because it enables timely prophylactic
measures and therapies in mutation carriers and there-
fore helps to reduce sudden death at young age. In

addition, asymptomatic family members who are
carriers may still pass on the mutation to 50% of their
children, who in turn may have a more malignant phe-
notype due to the difference in penetrance.

In the evaluation of first degree relatives of a defi-
nitely affected LQTS proband (the index patient) with
a documented pathogenic mutation in one of the
LQTS-related genes, it is not acceptable to exclude
LQTS based upon a normal QTc or a low “Schwartz
score.” One third of the asymptomatic gene mutation
carriers have QTc values within the normal range.
Using the “Schwartz criteria,” a very low sensitivity of
only 19% and a specificity of 99% for diagnosing
LQTS in family members of proven LQTS patients
were found.'” Alternatively, these investigators found
a cut-off value of the QTc of 430 ms a better way of
screening of the family members with a sensitivity of
72% and a specificity of 86%. Therefore, molecular
genetic testing (genotyping) is the only definitive diag-
nostic test for them.

Careful counseling prior to genetic testing is time-
consuming but essential and therefore should prefera-
bly be done in a specialized multidisciplinary cardio
genetic center, in close collaboration between a clinical
geneticist and cardiologist. In case of children, a pediat-
ric cardiologist together with psychosocial workers
should work in a team to support the children and also
the parents. Testing of asymptomatic persons or not yet
diagnosed patients can have great influence on very dif-
ferent matters like psychosocial well-being, employ-
ment, or insurance issues. It has been documented that
the testing procedure in LQTS patients leads to distress,
which decreases over time. However, disease-related
anxiety persists in the subgroup of carriers, which indi-
cates the need for ongoing psychosocial care.!'°

Although there are no international guidelines,
screening of children and prophylactic treatment when
indicated has to start before life-threatening symptoms
can be expected. This will depend on age and geno-
type. In the Netherlands we will screen children with
LQTS type 1 long before the age of 5 and in particular
before they start to swim. In families with LQTS type
2, children should be screened at age 8 and in the case
of LQTS type 3 at the beginning of puberty.

As mentioned earlier one cannot exclude the diag-
nosis of LQTS in a family member on the basis of a
normal ECG. If thereforethe person to be screened
does not want a DNA-test, one has to deal with him or
her as a potential patient with subsequent consequences
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and permanent cardiological follow-up is indicated.
The same applies for all family members of genotype-
negative LQTS patients.

9.11 Summary

The congenital LQTS constitute a family of clinically
heterogeneous entities, characterized by prolonged
QT-intervals on the ECG and often abnormally appear-
ing ST-T segments. The clinical course of the disease
is time-dependent and age-specific with respect to gen-
der differences. It predisposes especially young indi-
viduals without structural heart disease to malignant
polymorphic ventricular arrhythmias, which in turn
can lead to (recurrent) syncope, ACA, or even SCD.
As such, the LQTS is one of the important causes of
sudden cardiac death at age <45 year.

The molecular background of this hereditary disor-
der became apparent in 1995 and since then 12 differ-
ent types of LQTS have been described. Hence, the
congenital LQTS appears to be a genetically heteroge-
neous primary electrical heart disease with a monoge-
netic origin. It is part of the greater family of the
genetic cardiac channelopathies.

The diagnosis of the LQTS relies mainly on the per-
sonal and family history of the patient in combination
with more or less specific abnormalities on the electro-
cardiogram. In most cases (50-75%), the clinical diag-
nosis can be confirmed by DNA testing.

All symptomatic and asymptomatic patients with
(suspected) LQTS have to receive certain lifestyle mea-
sures (general and genotype-specific) and must have
cardiac follow-up visits on a structural basis in a special-
ized center in order to control therapy compliance. In
addition, they should get a regularly updated list of pro-
hibited QT-prolonging medications. The pharmacologi-
cal treatment of patients with the LQTS -consists
principally of B-blockers, whether the patient is symp-
tomatic or not. LQT1 patients can be treated with
B-blockers as sole therapy with reasonable safety as long
as they are fully compliant with their medications in a
sufficiently high dose and avoid QT-prolonging drugs. It
is important to realize that this can be a problem in some
adolescents! In LQT2 and LQT3 patients B-blocker fail-
ures in arrthythmia prevention are more common and
additional non-pharmacological treatment modalities
(LCSD, pacemaker, ICD) are needed more often.

In addition to treating the index patient, one has to
examine his or her first-degree relatives, who have 50%
chance of being a mutation carrier or having the dis-
ease, in close collaboration with a clinical geneticist,
psychosocial workers, and a pediatric cardiologist.
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The Brugada Syndrome
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10.1 Introduction

The syndrome of right bundle branch block, persistent
ST-segment elevation, and sudden cardiac death, today
better known as the Brugada syndrome, was described
in 1992 as a new clinical entity characterized by a typi-
cal electrocardiographic pattern and a susceptibility to
develop polymorphic ventricular arrhythmias in the
absence of structural heart disease.' The description of
the first eight patients was followed by other case
reports™® and subsequently numerous works appeared
either focusing on clinical characteristics of larger
populations of patients*” or defining the genetic,
molecular, and cellular aspects of the disease.*'* In
recent years, major advances in clinical and mechanis-
tic knowledge have provided very valuable informa-
tion about the disease, but remaining questions still
propel today a large research activity on the subject.
This chapter reviews the current knowledge on clini-
cal, genetic, and molecular features of the Brugada
syndrome, and provides updated information supplied
by recent clinical and basic studies.

10.2 Definition and Epidemiology

Certain ambiguities appeared in the years following the
initial description of the syndrome, basically concern-
ing the characteristic electrocardiographic hallmark
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and the specific diagnostic criteria. Three repolarization
patterns were soon identified (Fig. 10.1)'": (a) type I
electrocardiogram (ECG) pattern, the one described in
the initial report in 1992, in which a coved ST-segment
elevation greater than or equal to 2 mm is followed by a
negative T-wave, with little or no isoelectric separation,
this feature being present in more than one right precor-
dial lead (from V1 to V3); (b) type 2 ECG pattern, also
characterized by an ST-segment elevation but followed
by a positive or biphasic T-wave, which results in a
saddle-back configuration; (c) type 3 ECG pattern, a
right precordial ST-segment elevation less than or equal
to 1 mm either with a coved-type or a saddle-back
morphology.

Although all three patterns can be present in Brugada
syndrome patients, only the type 1 ECG diagnostic of
the syndrome was stated in the first consensus report of
the Arrhythmia Working Group of the European Society
of Cardiology'' and subsequently confirmed in the II
Consensus Conference published in 2005."> Both docu-
ments also held that, in order to establish the definite
diagnosis of the Brugada syndrome, the type 1 ECG
pattern should be documented in combination with one
of the following clinical criteria: documented ventricu-
lar fibrillation (VF), polymorphic ventricular tachycar-
dia (VT), a family history of sudden death (SD) at an
age younger than 45 years, the presence of coved-type
ECG in family members, inducibility of ventricular
arrhythmias with programmed electrical stimulation,
syncope, or nocturnal agonal respiration.'"-'> However,
this definition should be applied with caution, espe-
cially when causative mutations have been identified
and the disorder can be understood as a disease rather
than a syndrome.'>! In this regard, our data confirm
that the only presence of the characteristic type 1 ECG
pattern, even with no further clinical criteria, may be
associated with SD in the follow-up.* This attests for
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Fig. 10.1 Three different electrocardiogram (ECG) patterns in
right precordial leads frequently observed in patients with
Brugada syndrome: (a) type 1, also called coved-type ECG pat-
tern, in which a descendent ST-segment elevation is followed by
negative T-waves; (b) type 2 or saddle-back pattern, a ST-segment

the need of following all patients even when a type 1
ECG pattern is found isolated. Moreover, these patients
should be instructed not to use sodium channel block-
ing agents or other contraindicated medications and
(high) fever should be treated promptly. First-degree
relatives should be screened and have an ECG.

The Brugada syndrome is included among the so-
called channelopathies, that is, primary electrical dis-
orders produced by the dysfunction of a cardiac
channel participating in the action potential, the elec-
trical change favoring the development of arrhythmias.
Characteristically, no underlying structural heart dis-
ease exists concomitantly. In fact, the Brugada syn-
drome is thought to be responsible for 4—12% of all SD
and for up to 20% of SD in subjects with structurally
normal heart."”

The prevalence of the Brugada syndrome has been
estimated in 5/10,000 inhabitants, although this rate
should be understood cautiously, first, because many
patients present concealed forms of the disease, thus
making it likely that the real prevalence is higher, and
second, because important ethnic and geographic dif-
ferences have been described.!? For example, a type 1
ECG pattern was observed in 12/10,000 Japanese

elevation followed by positive or biphasic T-waves; (¢) type 3,
either a coved-type or a saddle-back morphology with
ST-segment elevation < 1 mm (see text for more detailed descrip-
tion). A type 1 ECG pattern is required to establish the definite
diagnosis of Brugada syndrome

inhabitants,"> whereas the few available data on North
American and European populations point to a much
lower prevalence.'®!” In fact, the syndrome is consid-
ered to be endemic in certain Southeast Asian areas,
where it has been long recognized as the sudden unex-
plained death syndrome (SUDS), also named bangun-
got (in the Philippines), pokkuri (in Japan), or lai tai
(in Thailand), all of them known to be phenotypically,
genetically, and functionally identical disorders as the
Brugada syndrome.'®

10.3 Genetics of the Brugada Syndrome

Inheritance in the Brugada syndrome occurs via an
autosomal dominant mode of transmission,'? although
in some patients the disease can be sporadic, that is,
absent in parents and other relatives.” The first muta-
tions related to the syndrome were described in 1998
by Chen and coworkers, and were identified in SCN5A,
the gene encoding the a- subunit of the cardiac sodium
channel (locus 3p21, 28 exons).® To date, more than
100 other different mutations associated with the
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syndrome have been found in the same gene.*!820-23
Functional studies performed with expression systems
have demonstrated, for the majority of them, a loss of
function of the sodium channel that translates into a
decrease in sodium current (INa). This can be achieved

either through a quantitative decrease (failure in expres-
sion) or through a qualitative dysfunction (impaired
kinetics) of the sodium channels (Fig. 10.2).>!820-23
Although SCN5A has been the only gene linked to
the Brugada syndrome for almost a decade, mutations
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Fig. 10.2 Examples of two different mutations in SCN5A leading
to a loss of function of the sodium (Na) channel: (a) Mutation
11660V, producing a trafficking defect of the Na channel, and thus
a decrease of Na channels present in the sarcolemma. Mutant and
WT Na channels have been expressed in TSA201 cells and tagged
with green fluorescent protein. (A-I) WT channels are present both
in the center and the periphery of the cell, suggesting that WT
channels are manufactured in the cell center and trafficked to the
cell membrane. (A-II) The fluorescence distribution of 11660V
channels is essentially localized in intracellular organelles, which
suggests that mutant channels are manufactured but remain trapped
within the cell. (A-IIT) Rescue of the mutant channels by incuba-
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At(ms)

tion at room temperature (Modified from Cordeiro et al.>' With
permission). (b) Mutation G1319V, which modifies the kinetics of
the sodium channel. Functional studies performed in HEK-293
cells. (B-I) Maximal peak current amplitudes are similar in WT
and mutant cells, indicating that the number of functional channels
is similar for WT and mutants. (B-II) Voltage dependence of acti-
vation, showing a small depolarizing shift in mutant channels com-
pared with WT channels, with no change in slopes. (B-11I) Voltage
dependence of steady-state inactivation, reflecting enhanced inac-
tivation in mutant channels compared with WT. (B-IV) Recovery
from inactivation, which is markedly slowed in G1319V channels
(Modified from Casini et al.”> With permission). WT wild type



168

B.Benito et al.

in SCN5A are generally found in only 18-30% of
patients,'* this rate suggesting a genetic heterogeneity
of the disease. Accordingly, in the last 2 years four
other genes have been found to be linked to the Brugada
syndrome. The first of them, the glycerol-3-phosphate
dehydrogenase 1-like (GPD-1 L), was described in
2007* after previous identification of the locus on
chromosome 3 (3p22-p24) in 2002.> The A280V
mutation in GPDI-L was shown to induce a sodium
loss-of-function effect by affecting the trafficking of
the cardiac sodium channel to the cell surface.”* Very
interestingly, two recent reports demonstrate that muta-
tions in genes other than those involved with sodium
channel function can be responsible for some cases of
Brugada syndrome. Loss-of-function mutations in the
genes encoding the cardiac calcium channel Cavl.2
(CACNAIc) and its  subunit CACNB2b have been
linked to a syndrome overlapping short QT and the
Brugada ECG pattern.”® On the other hand, Delpon
et al. have described the first family with Brugada syn-
drome carrying a mutation (R99H) in the KCNE3 gene,
which encodes a beta-subunit that is thought to modu-
late Kv4.3 channels and be responsible for an increase
in transient potassium Ito currents.”” Together, these
findings open up new lines of research, where the con-
cept of Brugada syndrome as a pure sodium channelo-
pathy gives way to the concept of the syndrome as an
ionic imbalance between the inward and outward cur-
rents during the phase 1 of the action potential.

10.4 Pathophysiology:
Cellular and lonic Mechanisms

Experimental studies have elucidated the cellular and
molecular basis for the two main characteristic fea-
tures of the Brugada syndrome: the specific ECG mor-
phology (ST-segment elevation in right precordial
leads) and the susceptibility for VF and SD. Figure 10.3
represents the normal ventricular myocyte action
potential and the major ionic currents involved in each
one of the phases. Sodium loss-of function conditions,
the most encountered disorder in SCN5A mutations
related to Brugada syndrome,”'®223 create an ionic
imbalance between outward and inward positive cur-
rents during phase 1.The imbalance favors cell repo-
larization and the appearance of a particular notch in
the action potential (dashed line), which is mediated

by a relative increase in the outward transient potas-
sium currents (Ito). From Fig. 10.3, it is easy to con-
clude that comparable imbalances may appear either
by decrease in ICaL (in calcium channel loss-of-func-
tion mutations®) or absolute increase in Ito (in the
recently described KCNE3 mutation”).

Because the Ito density is constitutionally greater in
epicardium than in endocardium, the ionic imbalance
underlying the Brugada syndrome is heterogeneous
through the myocardial wall. This creates a transmural
voltage gradient between epicardium and endocar-
dium responsible for the characteristic S7-segment
elevation on the ECG (Fig. 10.4).? The imbalance
between outward and inward positive currents during
the phase 1 sets also the basis for the development of
ventricular arrhythmias in the Brugada syndrome. The
proposed mechanism would be a phase-2 reentry,
which is represented in Fig. 10.5. When the notch is
such that phase 1 reaches approximately —30 mV, all-
or-none repolarization can lead to a complete loss of
the action potential dome. The heterogeneity of the
loss of the dome among different sites within the epi-
cardium and between the epicardium and the endocar-
dium results in epicardial and transmural dispersion
of repolarization, respectively (Fig. 10.5a). This sub-
strate may facilitate the development of premature
beats, by means of conduction of the action potential
dome from the sites where it is maintained to the sites
where it is lost (Fig. 10.5b).'%?* Studies with high-res-
olution optical mapping in arterially perfused canine
right ventricular preparations confirm the presence of a
gradient between dome-loss regions and dome-resto-
ration regions in the epicardium, and a subsequent
development of a reentrant pathway that rotates in the
epicardium and gradually involves the transmural
myocardium (Fig. 10.5¢).”

The understanding that the imbalance between
inward and outward ionic currents at phase 1 defines the
pathologic substrate of the Brugada syndrome entails
multiple applications. First, it provides the basis for the
development of experimental models, which have been
successfully created by administration of potassium
openers (pinacidil), the combination of acetylcholine
and a sodium channel blocker (flecainide), or the admin-
istration of drugs with combined sodium channel and
calcium channel blocker effect (terfenadine).!%*°
These interventions create a relative predominance of
outward positive currents at the end of phase 1, and thus
accentuate the notch. The ionic imbalance hypothesis



10 The Brugada Syndrome

169

Fig. 10.3 Ventricular
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also explains the effects of certain modulators and cer-
tain particularities of the syndrome, such as the enhanced
phenotypic expression (accompanied by an increased
risk of arrhythmias) during vagal situations*—* (acetyl-
choline inhibits calcium currents whereas beta-adrener-
gic drugs increase them'**) or the worse prognosis in
men than in women affected with the disease® (men
could have constitutionally greater Ito density than
women).”” Likewise, it appears that interventions that
decrease inward positive currents (as do sodium chan-
nel blockers) could be potentially harmful in patients
with Brugada syndrome by increasing ST-segment ele-
vation and the risk of arrhythmic events, although they
have been proven on the other hand notwithstanding
useful for unmasking concealed forms of the disease.*®

INa

ICa,

IKr

In contrast, Ito blockers such as quinidine, which reduce
the notch at the end of the phase 1, could represent a
good therapeutic option for Brugada syndrome patients
(see Treatment).

10.5 Clinical Manifestations
of the Brugada Syndrome

Patients with Brugada syndrome usually remain
asymptomatic. However, syncope or cardiac arrest, a
consequence of an arrhythmic complication such as
polymorphic VT or VF, has been described in up to
17-42% of diagnosed individuals.*** This rate probably
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Fig. 10.4 Proposed mechanism that underlies ST-segment ele-
vation in Brugada syndrome. The accentuated notch present in
epicardium but not in endocardium gives rise to transmural volt-
age gradient and J-point elevation (Brugada saddle-back).
Further accentuation of the notch may be accompanied by a pro-

overestimates the real prevalence of symptoms among
Brugada syndrome patients, given that most asymptom-
atic patients remain underdiagnosed. The age of symp-
tom occurrence (especially cardiac arrest) is consistently
around the fourth decade of life in all the series
(Fig. 10.6)," with no definite explanation for this obser-
vation thus far. Previous syncope may be present in up to
23% of patients who present with cardiac arrest.*’

Up to 20% of patients with Brugada syndrome may
present supraventricular arrhythmias® and thus com-
plain of palpitations and/or dizziness. An increased
atrial vulnerability to both spontaneous and induced
atrial fibrillation (AF) has been reported in patients
with Brugada syndrome.* Other symptoms, such as
neurally mediated syncope have been also recently
associated with the Brugada syndrome, but their impli-
cations on prognosis have not yet been established.**

As in the case of other sodium channel-related dis-
orders as type-3 long QT syndrome, ventricular
arrhythmias in the Brugada syndrome typically occur
at rest, especially during nighttime or sleep. In a study
by Matsuo et al.,*? 26 of 30 episodes of VF documented
in implantable cardioverter defibrillator (ICD) record-
ings of Brugada syndrome patients appeared during
sleep. This finding has been confirmed in more recent

longation of the action potential in epicardium, which becomes
longer than in endocardium, thus leading to the development of
negative T-waves in addition to the ST-segment elevation
(Brugada coved-type) (Modified from Antzelevitch.”® With
permission)

series.** As mentioned before, the increase in vagal
tone mediated by acetyl-choline decreases calcium
currents,'” which could favor arrhythmogenesis through
a phase-2 reentry mechanism.

It is currently accepted that the clinical phenotype of
the Brugada syndrome is eight to ten times more prev-
alent in male than in female patients.'> Consequently,
the main clinical studies published thus far include a
71-77% of men, which generally are more symptom-
atic as compared to women.**** In fact, the observation
that SD mainly occur in young men at the time of sleep
has long been recognized in South-East Asia for the
SUDS, where males from certain small villages used
to dress in women’s bedclothes since the syndrome is
understood as a female spirit searching for young
males at night. We recently conducted a study aimed to
analyze gender differences in a large population of
patients with Brugada syndrome.*® The study popula-
tion (n=384) included 272 men (70.8%) and 112
women (29.2%). General demographic characteristics
were similar between male and female patients (mean
age 45.8), but, at diagnosis, men presented more fre-
quently with symptoms (syncope in 18%, previous
aborted SD in 6%)than women (14% and 1% respec-
tively, p=0.04). Male patients also had higher rates of
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Fig.10.5 Proposed mechanism that underlies ventricular arrhyth-
mias in Brugada syndrome. (a) With a further shift in the balance
of currents at the end of phase 1, all-or-none repolarization occurs
and leads to a complete loss of the action potential dome (silver
drawing). The arrythmogenic substrate is thought to develop
when the loss of dome appears at some epicardial sites but not at
others, creating both transmural dispersion of repolarization and
epicardial dispersion of repolarization (blue arrows). At this
point, a premature impulse or extrasystole can induce a reentrant
arrhythmia (Modified from Antzelevitch.”® With permission). (b)
Simultaneous transmembrane action potentials at two epicardial
sites and one endocardial site together with a transmural electro-
cardiogram recorded from a canine arterially perfused right ven-
tricular wedge preparation. The administration of terfenadine
(5 uM), a potent sodium and calcium channel blocker, accentu-
ates the epicardial action potential notch (dashed arrow), induces

spontaneous type 1 ECG (47% versus 23%, p =0.0001)
and inducibility of VF during the electrophysiologic
study (32% versus 12% p = 0.0001) (Fig. 10.7a).%
Prognosis also differed between men and women.
Cardiac events (defined as SD or documented VF)
appeared in 31 males (11.6%) but only in three females
(2.8%) during a mean follow-up period 58 +48 months
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all-or-none repolarization heterogeneously at the end of phase 1
(solid arrow), and creates epicardial transmural of repolarization
(EDR) and transmural dispersion of repolarization (7DR).
Propagation from the site where the dome is maintained (epicar-
dial site 1) to the site where it is lost (epicardial site 2) results in
the development of a premature beat that leads to polymorphic
ventricular tachycardia by phase 2 reentry (dashed double arrow)
(Modified from Antzelevitch.®® With permission). (¢) High-
resolution optical mapping system with transmembrane action
potentials from 256 sites simultaneously (epicardial and endocar-
dial surface) of an arterially perfused canine right ventricular
wedge preparation. Recording at the beginning of a polymorphic
ventricular tachycardia. Propagation by phase-2 reentry occurs
from red areas (where the dome is maintained) toward blue areas
(where the dome is lost) (Modified from Shimizu et al.”” With
permission)

(log-rank test p=0.007). Kaplan-Meier estimate of
cardiac event-free survival according to gender is rep-
resented in Fig. 10.7b.

Two main hypotheses have been proposed to explain
the gender distinction, perhaps interacting with each
other: the sex-related intrinsic differences in ionic cur-
rents and the hormonal influence. Di Diego and
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Fig. 10.6 Incidence of
spontaneous ventricular
fibrillation (VF) or sudden
death (SD) according to age
in patients with Brugada
syndrome. Data from 370
updated patients of the
international registry. SD or
VF occurred in 120 (32.4%)
patients
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coworkers showed by whole-cell patch-clamp tech-
niques that Ito density was significantly greater in male
than female right ventricle epicardia of arterially per-
fused canine heart preparations, thus providing the
basis for the greater ST-segment elevation and the
higher occurrence of arrhythmias in men as compared
to women.”” Sex hormones seem also to play a role in
the final phenotype. Regression of the typical ECG
features has been reported in castrated men,*” and lev-
els of testosterone seem to be higher in Brugada male
patients as compared to controls.*® In accordance with
the hormonal hypothesis, the few available data exist-
ing thus far of Brugada syndrome in childhood have
not shown a difference in clinical presentation between
boys and girls before the age of 16.*

Although three of the eight patients reported in the
first description of the disease were within pediatric
ages,' to date little information has been available on
the behavior of the Brugada syndrome during child-
hood. Probst et al. recently provided data from a mul-
ticenter study including 30 Brugada patients aging less
than 16 years (mean age 8 +5).* More than half (n=17)
had been diagnosed during family screening, but
symptoms were present in 11 patients (one aborted SD
and ten syncope). Interestingly, 10 of the 11 symptom-
atic patients displayed spontaneous type 1 ECG, and in
five of them, symptoms were precipitated by fever ill-
nesses. Five patients received an ICD and four were

Age at VF

treated with hydroquinidine.” During a mean follow-
up period of 37 +23 months, three patients (10% of the
population) experienced SD (n=1) or appropriate
shock by ICD (n=2). Importantly, all the three patients
had presented with syncope at the time of diagnosis
and displayed spontaneous type 1 ECG. The four
patients under quinidine remained asymptomatic dur-
ing 28 +24 months of follow-up.” Our results on 58
pediatric patients younger than 18 are in line with the
ones by Probst et al.’® In our population, six patients
experienced cardiac events during a mean follow-up of
48.8+48 months. Cardiac events occurred more fre-
quently among patients with spontaneous type 1 ECG
and among those with inducible VF at the EPS; but, in
our series, symptoms at diagnosis were the strongest
variable to predict events during follow-up.” Though
small, these two studies suggest that:

e The Brugada syndrome can manifest during
childhood.

*  Symptoms in pediatric patients may appear particu-
larly during febrile episodes.

* Symptomatic patients, especially if they present spon-
taneous type 1 ECG, may be at a high risk of cardiac
events in a relatively short period of follow-up.

e Individuals at risk can be protected with an ICD,
although quinidine could be a good option in cer-
tain patients, particularly the youngest.
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Fig. 10.7 Gender differences in clinical a
manifestations of Brugada syndrome. Data Symptoms Baseline ECG Inducibility of VF
from Benito et al.* (a) Differences on
clinical characteristics at the time of first p=0.04 p=0.0001 p=0.0001
evaluation. Males are more symptomatic,
display more pathological electrocardio- 100% /
gram (ECG) at baseline and present more 90% A //A -
inducibility of ventricular fibrillation than 80% -
females. (b) Kaplan-Meier analysis of
cardiac events defined as sudden death or 70% A A
documented ventricular fibrillation during 60%
follow-up. A total of 31/272 males
(11.6%) and 3/112 females (2.8%) 50% 1
experienced cardiac events during a mean 40% 1
follow-up period 58 +48 months (log-rank
test p=0.007). VF ventricular fibrillation, 30% 1 A
SD sudden death 20% A
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10.6 Diagnosis

10.6.1 ECG Findings

As mentioned above, three types of repolarization
have been described (Fig. 10.1), but only is the coved-
type ST-segment elevation (type 1 ECG pattern) diag-
nostic of the syndrome. However, it is important to

Follow-up (months)

underline that the ECG typically fluctuates over time
in Brugada patients, and thus can change from type 1
to type 2 or type 3 within the same individual or even
be transiently normal. The prevalence of spontaneous
ECG fluctuations was assessed in a work by Veltmann
et al., including 310 ECGs on 43 patients followed
during 17.7 months.”' Among 15 patients with an ini-
tial diagnostic ECG, 14 revealed at least one nondiag-
nostic ECG in a median time of 12 days, while 8 out
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of 28 patients with nondiagnostic ECG developed a
type 1 ECG pattern in a median time of 16 days. On
the basis of these results, it seems that repetitive ECG
recordings may be mandatory in patients with the
syndrome.>'

Numerous studies have analyzed the ECG of the
Brugada syndrome aiming to identify new electrocar-
diographic hallmarks and/or risk markers. Pitzalis and
coworkers described a prolongation of the corrected
QT interval (QTc) in the right but not the left precor-
dial leads after administration of flecainide to patients
with Brugada syndrome and nondiagnostic basal
ECG.> Subsequently, other groups have correlated a
QTc>460 ms in V2 to the occurrence of life-threaten-
ing arrhythmias.>* More recently, the aVR sign (an R
wave>3 mm or an R/q ratio>0.75 in lead aVR) has
also been defined as a risk marker of cardiac events in
Brugada syndrome, the prominent R-wave possibly
reflecting some degree of right ventricular conduction
delay and consequently more electrical heterogeneity
(Fig. 10.82).> In addition, T-wave alternans, also
indicative of transmural dispersion of repolarization,
has been reported in some cases after administration of
sodium blockers, and associated with an increased risk
for development of VF (52.9% vs 8.3%, p<0.001)
(Fig. 10.8b).”® Finally, a very recent study points out
that up to 11% of patients with Brugada syndrome may
have a spontaneous inferior-lateral repolarization pat-
tern, which also has been linked to a greater rate of
symptoms (Fig. 10.8c).”’

Cardiac conduction disturbances may be present
in patients with Brugada syndrome. Both phenotypes
(Brugada syndrome and cardiac conduction disor-
ders) can be explained by a reduction in the sodium
current, and have been described within the same
family carrying a mutation on the SCN5A gene.*®
Consequently, conduction parameters (specifically
PQ interval, QRS duration, and HV interval) seem to
be longer among those patients with Brugada syn-
drome who are SCN5A genetic carriers (and do have
a mutation in the sodium channel) as compared to
non-SCN5A genetic carriers, in which the underlying
mechanism or mutation is not identified.” These dif-
ferences have been recently shown to accentuate pro-
gressively during follow-up.® In a recent study by our
group, we observed that some conduction parameters
such as QRS duration are increased among symptom-
atic patients. Indeed, in a population of 200 Brugada

patients, of whom 66 (33%) presented symptoms, the
optimized cut-off point of QRS in lead V2>120 ms
gave an odds ratio (OR) of 2.5 (95% CI: 1.4-4.6,
p=0.003) for being symptomatic.*'

Although sinus rhythm is the most common,
supraventricular arrhythmias, and especially AF, can
be found in up to one third of patients with Brugada
syndrome.**6> Other rhythm disorders, as bradycar-
dia secondary to sick sinus syndrome or atrial stand-
still, have also been reported in association to Brugada
syndrome.

10.6.2 Differential Diagnosis
and ECG Modulators

It is worth to note that some factors can account for an
ECG abnormality that can closely resemble the
Brugada ECG (Table 10.1). Importantly, some of them
are conditions different than the syndrome and should
be carefully excluded during the differential diagnosis,
while others may induce ST-segment elevation proba-
bly when an underlying genetic predisposition is
present."”

Modulating factors play a major role in the dynamic
nature of the ECG and also may be responsible for the
ST-segment elevation in genetically predisposed
patients (Table 10.1). As mentioned before, sym-
pathovagal balance, hormones, metabolic factors, and
pharmacological agents, by means of specific effects
on transmembrane ionic currents, are thought to mod-
ulate not only the ECG morphology but also explain
the development of ventricular arrhythmias under cer-
tain conditions (see Pathophysiology: cellular and
ionic mechanisms).!0-31:32343847.4863 Temperature may
be an important modulator in some patients with
Brugada syndrome. Premature inactivation of the
sodium channel has been shown to be accentuated at
higher temperatures in some SCN5A mutations, sug-
gesting that febrile states could unmask certain Brugada
patients or temporarily increase the risk of arrhyth-
mias.* In fact, several case reports in which fever pre-
cipitate the syndrome or an arrhythmic complication
have been published in the last years.> It seems that
fever would be a particularly important trigger factor
among the pediatric population.®
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Fig. 10.8 Other electrocar- a
diogram (ECG) findings that
have been associated to
higher risk of ventricular
arrhythmias in patients with
Brugada syndrome. For
detailed explanation, refer to
the text. (a) aVR sign
(Reproduced from Babai

et al.> With permission); (b)
T-wave alternans (Adapted
from Tada et al.”® With
permission); (¢) Inferior-
lateral early repolarization
pattern (Reproduced from
Sarzoky et al.”” With
permission)
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10.6.3 Diagnostic Tools:
Pharmacological Tests
and Upper Right Precordial Leads

Because the ECG in the Brugada syndrome is dynamic
in nature and even can be transiently normal in affected
patients, pharmacological provocative tests have been
used in an attempt to unmask concealed forms of the

disease. Sodium channel blockers, which increase the
ionic imbalance at the end of the phase 1 of the action
potential by decreasing sodium currents, appear as the
most attractive option.*® Ajmaline, flecainide, procain-
amide, pilsicainide, disopyramide, and propafenone
have been used,” although the specific diagnostic
value for all of them has not yet been systematically
studied. The recommended dose regimens for the most
commonly used drugs are listed in Table 10.2. The
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Table 10.1 ECG abnormalities that can lead to ST-segment elevation in V1-V3

Differential diagnosis

Genetic predisposition?

- Atypical right bundle branch block

- Acute myocardial infarction, especially of RV

- Acute pericarditis/miopericarditis

- Hemopericardium

- Pulmonary embolism

- Dissecting aortic aneurysm

- Central and autonomic nervous system disorders

- Duchenne muscular dystrophy

- Friedreich Ataxia

- LV hypertrophy

- Arrhythmogenic RV cardiomyopathy

- Mechanical compression of RV outflow tract
* Mediastinal tumor
 Pectus excavatum

- After electrical cardioversion

- Early repolarization, especially in athletes

- Hypothermia

- Hyperkalemia
- Hypercalcemia
- Cocaine intoxication /Alcohol intoxication
- Treatment with:
I. Antiarrhythmic drugs:
- Na channel blockers (class IC, class IA)
- Ca channel blockers
- B-blockers
II. Antianginal drugs:
- Ca channel blockers
- Nitrates
III. Psychotropic drugs:
- Tricyclic antidepressants
- Tetracyclic antidepressants
- Phenothiazines
- Selective serotonin reuptake inhibitors
- Lithium

Reproduced with permission from Benito et al."”

Table 10.2 Drugs used to unmask Brugada syndrome

Drug Dosage Administration
Ajmaline 1 mg/kg over 5 min v
Flecainide 2 mg/kg over 10 min v

400 mg PO
Procainamide 10 mg/kg over 10 min IV
Pilsicainide 1 mg/kg over 10 min v

Reproduced with permission from Antzelevtich et al.'?

diagnosis of Brugada syndrome can be established if a
coved-type (type 1) ECG pattern appears or accentu-
ates after the sodium blocker administration. The phar-
macological test should be monitored under continuous
ECG recording and should be terminated when: (1) the
diagnostic test is positive, (2) premature ventricular
beats or other arrhythmias develop, and/or (3) QRS
widens to greater than or equal to 130% of baseline.'?

Current data point out that ajmaline is probably the
most useful drug in the diagnosis of Brugada syn-
drome. In a study with 147 individuals from four large
families with identified SCN5A mutations, ajmaline
provided a sensitivity of 80%, a specificity of 94.4%, a
positive predictive value of 93.3%, and a negative pre-
dictive value of 82.9% for the diagnosis of Brugada
syndrome.®” These results are considerably higher than
those obtained for flecainide in another study with 110
genotyped patients, in which the sensitivity, the speci-
ficity, and the positive and negative predictive values
for the diagnosis were 77%, 80%, 96%, and 36%,

respectively.® It is important to note the low negative
predictive value, which should be taken into account
when using flecainide, especially during genetic
screening. Ajmaline and flecainide were directly com-
pared in a study with 22 patients with confirmed
Brugada syndrome who were subjected to both phar-
macological tests. Although the test was positive in 22
of 22 patients after ajmaline administration, only 15
patients showed a positive response to flecainide.”
Whole-cell patch-clamp experiments revealed that,
although both of them have a sodium blocker effect,
flecainide reduced Ito to a greater extent than ajmaline,
thus explaining its lesser effectiveness.”

Given the limitations of the standard ECG, even after
administration of sodium blockers, new strategies have
been proposed to help in the clinical diagnosis of the
Brugada syndrome. Placement of the right precordial
leads in an upper position (second or third intercostal
spaces) can increase the sensitivity of the ECG to detect
the Brugada phenotype, both in the presence or absence
of a drug challenge,”®”" although whether the greater
sensitivity is at the expense of a lower specificity is still
uncertain. Recent data demonstrate that the presence of a
type 1 ECG pattern recorded at higher intercostal spaces,
even when the standard ECG is normal, can identify a
subgroup of patients that behaves similarly in terms of
prognosis to those with spontaneous type 1 ECG pattern
at standard leads (Fig. 10.9).”> Therefore, this strategy
seems to allow the identification of a subset of patients at
risk that would otherwise be underdiagnosed.
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Fig. 10.9 Kaplan-Meier analysis of cardiac events (documented
VF or SD) during follow-up in patients with spontaneous type 1
ECG pattern at standard leads (dashed line), patients with spon-
taneous type 1 ECG recorded only at a higher intercostal space
(solid line), and patients with type 1 ECG pattern at standard
and/or higher intercostals spaces only after receiving a sodium

10.7 Prognosis and Risk Stratification

Prognosis and risk stratification are probably the most
controversial issues in Brugada syndrome. The main
clinical studies arising from the largest databases dif-
fer on the risk of SD or VF in the population with
Brugada syndrome, and particularly on defining the
specific risk markers with regard to prognosis.

In our most updated population with Brugada syn-
drome coming from the international registry, the per-
centage of patients who experienced SD or VF throughout
lifetime was 25% (177 out of 724 patients).”* The mean
age at cardiac events was 42+ 15 years. Of course, such a
high rate might have been influenced by a baseline high-
risk population referred for the international registry and
included in this analysis. In fact, our reported annual rate
of events has decreased from the first patients included in
the registry* to the most recent published series,***”* the
change probably reflecting the inherent bias during the
first years following the description of a novel disease, in
which particularly severe forms are most likely to be
diagnosed. It is important to note that, in the global series,
the probability of having a cardiac event during lifetime
varied widely (from 3% to 45%) depending on the base-
line characteristics of the individuals. Thus, a careful risk
stratification of every individual seems mandatory.

Several clinical variables have been demonstrated to
predict a worse outcome in patients with Brugada

channel blocker (dotted line). No significant difference was
observed in the frequency of cardiac events between the first two
groups (Modified from Miyamoto et al.”” With permission).
ECG electrocardiogram, SD sudden death, STD standard, VF
ventricular fibrillation

syndrome. In all the analysis of our series over time, the
presence of symptoms before diagnosis, a spontaneous
type 1 ECG at baseline, the inducibility of ventricular
arrhythmias at the electrophysiological study (EPS) and
male gender have consistently shown to be related to
the occurrence of cardiac events in follow-up.*¥-3%41.73
Little controversy exists on the value of a previous
cardiac arrest as a risk marker for future events. Our
data state that up to 62% of patients recovered from an
aborted SD are at risk of a new arrhythmic event within
the following 54 months.** Thus, these patients should
be protected with an ICD irrespective of the presence
of other risk factors (indication class I).'> Because there
is not such a general agreement on the best approach
toward patients who have never developed VF, we con-
ducted a prospective study including 547 individuals
with Brugada syndrome and no previous cardiac
arrest.”! Of them (mean age 41+45 years, 408 males),
124 had presented previous syncope (22.7%) and 423
(77.3%) were asymptomatic and had been diagnosed
during routine ECG or family screening. The baseline
ECG showed a type 1 ECG pattern spontaneously in
391 patients (71.5%). During a mean follow-up of
24 +32 months, 45 individuals (8.2%) developed a first
major cardiac event (documented VF or SD).*' By uni-
variable analysis, a history of previous syncope (HR
2.79 [1.5-5.1]1 95% CI, p=0.002), a spontaneous type
1 ECG (HR 7.69 [1.9-33.3] 95% CI, p = 0.0001), male
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Fig. 10.10 Cardiac events (sudden death or documented ven-
tricular fibrillation) during follow-up. (a) Kaplan Meier analysis
according to previous symptoms and inducibility of ventricular
fibrillation in the electrophysiological study, both independent
predictors in the series by Brugada et al.*' (b) Estimated proba-
bility of events in follow-up by logistic regression according to

gender (HR 5.26 [1.6-16.6] 95% CI, p = 0.001) and
inducibility of ventricular arrhythmias at the EPS (HR
8.33 [2.8-25] 95% CI, p = 0.0001) were significantly
related to VF or SD in follow-up. Multivariable analy-
sis identified previous syncope and inducibility of VF

symptoms, inducibility of ventricular arrhythmias at the electro-
physiological study and baseline ECG (Data from Brugada
et al.*') SD sudden death, VF ventricular fibrillation, EPS elec-
trophysiological study. *Induced type 1 ECG after administra-
tion of sodium channel blockers

as the only independent risk factors for the occurrence
of events in follow-up (Fig. 10.10a).* Logistic regres-
sion analysis allowed the definition of eight categories
of risk, of which asymptomatic patients with normal
ECG at baseline and noninducible VF at the EPS would
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represent the lowest-risk population, and patients with
syncope, spontaneous type 1 ECG, and inducibility at
EPS would have the worst outcome (Fig. 10.10b).
Further analysis indicated that EPS was particularly
useful in predicting cardiac events among asymptom-
atic patients with no family history of SD (named for-
tuitous cases, n=167).” Indeed, 11 out of 167 patients
(6%) presented documented VF during follow-up, and
the only independent predictor in this subgroup was
the inducibility at EPS. In contrast, not performing an
EPS in this subgroup of patients with the aim of identi-
fying those at risk was shown to be predictive of effec-
tive SD (p=0.002).”

Other groups agree that previous symptoms and a
spontaneous type 1 ECG are risk factors, although they
have found a much lower incidence of arrhythmic
events for the whole population (6.5% in 34 +44 months
of follow-up in the work of Priori et al.** and 4.2% in
4050 months of follow-up in that of Eckardt et al.*).
The worse outcome in our series may probably reflect a
more severely ill baseline population.”” The other large
registries also agree that EPS inducibility is greatest
among patients with previous SD or syncope,**** but
failed to demonstrate a value of the EPS in predicting
outcome. Several reasons could explain this discrep-
ancy”: (1) the use of multiple testing centers with non-
standardized stimulation protocols; (2) the inclusion of
patients with type 2 and type 3 ST-segment elevation
(and not type 1) in some series, suggesting that they
may contain individuals who do not have the syndrome;
(3) the lack of events during follow-up in the other reg-
istries. The latter might change when longer follow-ups
are available because events can only increase in fol-
low-up and so does the positive predictive value.”

Male gender has consistently shown a trend to pres-
ent more arrhythmic events in all the studies.** In a
series of 384 patients, we recently observed that men
and women differed in baseline characteristics at time
of first evaluation (Fig. 10.7a) and also in follow-up
(Fig. 10.7b).* Importantly, our data also confirmed
that the classical risk markers defined for mixed popu-
lations (symptoms, spontaneous type 1 ECG, and
inducibility of VF) were all useful for identifying male
patients at risk. However, in the presence of a very low
rate of events, none of these markers showed power
enough to predict outcome in the female population. In
contrast, conduction disturbances were found to cor-
relate with prognosis in women, and specifically the
PR interval was the only independent predictor of out-
come in the female population.*

Spontaneous AF, which can appear in 10-53% of
cases,*%* has been recently shown to have prognostic
significance. Kusano et al., in a series of 73 patients
with Brugada syndrome, observed that spontaneous
AF was associated with higher incidence of syncopal
episodes (60.0% vs 22.2%, p<0.03) and documented
VF (40.0% vs 14.3%, p < 0.05).* Multiple ECG
parameters have been assessed in the search for new
risk markers, of which a prolonged QTc in V2, the
aVR sign, the presence of T wave alternans, the early
repolarization pattern in inferior or lateral leads, and
probably a wide QRS complex seem to be the most
important (see Diagnosis: ECG findings).>*>7¢!

Interestingly, a positive family history of SD or the
presence of a SCN5A mutation have not been proven to
be risk markers in any of the large studies conducted thus
far.**#>™ However, recent data suggest that other genetic
findings might correlate with phenotype and even have
prognostic implications (see Cardiogenetics aspects).

10.8 Treatment

10.8.1 Implantable Cardioverter
Defibrillator

The ICD is the only proven effective treatment of the
Brugada syndrome thus far. On the basis of available
clinical and basic science data, a II consensus confer-
ence was held in September 2003, focused on risk
stratification schemes and approaches to therapy.'?
The recommendations for ICD implantation stated by
this consensus are summarized in Fig. 10.11. Briefly,
symptomatic patients should always receive an ICD.
Asymptomatic patients may benefit from EPS for risk
stratification: ICD should be implanted in those with
inducible VF having a spontaneous type 1 ECG at
baseline or a sodium channel blocker—-induced ECG
with a positive family history of SD. Finally, asymp-
tomatic patients who have no family history of SD
and who develop a type 1 ECG only after sodium
channel blockade should be closely followed up,
without enough evidence existing for the usefulness
of EPS or a direct indication for ICD.'? It is important
to note that a type 1 ECG can also be induced by cer-
tain circumstances other than the deliberate adminis-
tration of sodium blockers during a pharmacological
test. This is the case of patients who “spontaneously”
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‘Aborted sp|| Syncope of
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Fig. 10.11 Indications for
implantable cardioverter

Asymptomatic

Type-1 ECG after Na-
blockers

Spontaneous
type-1 ECG

defibrillator (/CD) implanta- Spontaneous
tion in patients with Brugada type-1 ECG

Type-1 ECG
after Na-blockers

EPS Family history No family
(class lla) of SD history of SD

syndrome. Class I designation
indicates clear evidence that
the procedure or treatment is
useful or effective; Class II,
conflicting evidence about
usefulness or efficacy; Class
IIa, weight of evidence in
favor of usefulness or
efficacy; Class Ilb, usefulness
or efficacy less well
established (Modified from
Antzelevitch et al.'> With
permission)

develop a type 1 ECG during electrolyte imbalances,
administration of certain drugs (particularly anesthet-
ics) and, more importantly, febrile episodes.”
Although these should probably be considered cases
of induced rather than spontaneous type 1 ECG with
regard to therapy (Fig. 10.11), to date there is no defi-
nite information concerning the long-term prognosis
(and thus, indications of ICD implantation) in this
particular subgroup of patients. Our data, however, do
show that up to 50% of these patients are at risk of
developing arrhythmic complications, possibly fatal,
during the acute event that unmasks the characteristic
type 1 ECG.” Consequently, close monitoring and
therapeutic intervention with antipyretics or by termi-
nation of the culprit medication is mandatory in these
circumstances.”

From the 2 main retrospective studies conducted
on patients with Brugada syndrome who have
received primary prophylactic ICD, it can be con-
cluded that ICD is an effective therapy for patients at
risk,’®”” which can have an annual rate of appropri-
ate shocks of up to 3.7%."" It is important to note that
this rate is not only comparable to those reported in
other ICD trials dealing with other cardiac dis-
eases,’®’ but also is affecting young and otherwise

ICD ICD
eSS

Inducibility] [ No EPS
of VT/VF | (inducibility | |(class IIb)
I

Inducibility No
of VT/VF ) \inducibility,
Close
follow-up
ICD
(class llb)

healthy people, whose life expectancy could be more
than 30 years. Therefore, should this rate remain
constant in time, it seems that most patients would
likely experience an appropriate shock in a lifetime.
However, perhaps just because of being young, a
noteworthy rate of inappropriate shocks by the device
has also been reported. In the study by Sacher et al.,”
45 (20%) out of 220 patients had inappropriate
shocks in follow-up. In our series, the rate was even
higher (36%).”” The reasons for inappropriate thera-
pies were mainly sinus tachycardia, supraventricular
arrhythmias, T-wave oversensing, and lead failure in
both studies.”®”” On the basis of these results and
because ICD is not affordable worldwide, there is
growing effort to find pharmacological approaches to
help treat the disease.

Close Close
follow-up )| follow-up

10.8.2 Pharmacological Options

With the aim of rebalancing the ion channel currents
active during phase 1 of the action potential, so as to
reduce the magnitude of the notch (Fig. 10.3), two
main pharmacologic approaches have been assessed
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Table 10.3 Pharmacological approach to therapy in the Brugada
syndrome

Action Proved on

« Ito blockers:

4-aminopyridine  Effective in experimental models
(suppression of phase-2 reentry)'®
Probable neurotoxicity in humans
Effective in experimental models
(suppression of phase-2 reentry)'
Initial results showing effectiveness in
clinical practice:

{ inducibility of VF®

{ spontaneous VF in follow-up® 5

Adjunctive therapy in patients with

ICD and multiple shocks®

Effective in electrical storm®!

A possible option in children®
Effective in experimental models
(suppression of phase-2 reentry)
Effective in experimental models
(suppression of phase-2 reentry)

Quinidine

Tedisamil

AVEO0118

ICa activators:

Isoproterenol Effective in experimental models
(suppression of phase-2 reentry)°
Effective in electrical storm®

Cilostazol Controversial preliminary results in

preventing VFS384

* INa openers:

Dimethyl Effective in experimental models
Lithospermate B (suppression of phase-2 reentry)
(dmLSB)

Reproduced with permission from Benito et al.!’

(Table 10.3): (1) drugs that decrease outward positive
currents, like Ito inhibitors; and (2) drugs that increase
inward positive currents (ICa, INa).

Quinidine, a drug with Ito- and IKr-blocking prop-
erties, has been the most assayed drug in clinical
studies. In a work by Belhassen et al.,** 25 patients
with inducible VF were treated with quinidine
(1,483 £240 mg orally). After treatment, 22 (88%) of
25 patients were no longer inducible at the EPS, and
none of the 19 patients with ongoing medical therapy
with oral quinidine developed arrhythmias during
follow-up (56 +67 months).> However, 36% of the
patients had transient side effects that led to drug dis-
continuation. Preliminary data have also proven
quinidine as a good adjunctive therapy in patients
with ICD and multiple shocks® and as an effective
treatment of electrical storms associated to Brugada
syndrome.?! More recently, quinidine has been pro-
posed as a good alternative to ICD implantation in

children with the syndrome and at high risk for malig-
nant arrhythmias.®

B-Adrenergic agents, through an increase in ICa
currents, decrease transmural dispersion of repolariza-
tion and epicardial dispersion of repolarization in
experimental models.'? Clinically, they have proved to
be effective in the treatment of electrical storms asso-
ciated to Brugada syndrome.® Recently, phosphodi-
esterase Il inhibitors have appeared as a new appealing
option because they would increase ICa and decrease
Ito. Indeed, cilostazol was effective in preventing ICD
shocks in a patient with recurrent episodes of VE.®
However, a recent publication reports the failure of
such drug in another patient with multiple ICD dis-
charges despite sustained therapy.*

10.9 Cardiogenetics Aspects

10.9.1 Genetic Diagnosis
and Genotype-Phenotype
Correlation

Since the first description in 1998, SCN5A encoding
the cardiac sodium channel has been the gene most fre-
quently linked to the Brugada syndrome. Although
mutations in new genes have been described in the last
2years(GPDI-L,CACNAIc, CACNB2b,KCNE3),**%
their contribution to the overall population with the
disease in still unknown. However, initial studies per-
formed in negative-SCN5A carriers suggest that these
and other candidate genes (Caveolin-3, Irx-3, Irx-4,
Irx-5, Irx-6, Plakoglobin, Plakophilin-2, SCNIB,
SCN2B, SCN3B, and SCN4B) are unlikely to be major
causal genes of the Brugada syndrome.?% Therefore,
SCN5A remains the first candidate gene to analyze
during genetic testing, although screening of other
genes involved in the action potential could be useful
when SCNS5A analysis is found to be negative. It is
important to note that SCN5A mutations are only found
in around 18-30% of cases of Brugada syndrome,"
leaving a great majority of patients with a negative
genetic test. This implies that, whereas the finding of a
SCN5A mutation provides the diagnosis in patients
with phenotype of Brugada syndrome, a negative result
does not rule out the disease. In these cases, especially
if the test is also negative for mutations in other genes,
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the diagnosis must be based on the clinical phenotype,
mainly through the basal or induced ECG findings.

Because so far mutations in the SCN5A gene are
responsible for the greatest proportion of cases with
Brugada syndrome, the first studies on genotype—
phenotype correlation have been focused only in
SCN5A mutation carriers. Very recently, Meregalli
et al. presented their results on 147 patients with
Brugada syndrome or progressive cardiac conduction
disease carrying 32 different mutations in the SCN5A
gene. The authors found that those patients carrying a
mutation leading to a truncated protein (nonsense or
frameshift with premature stop codon) were more
likely to present syncope (25% of cases) than patients
with a missense mutation functionally known to be
inactive (and thus generating a >90% of peak INa
reduction, syncope rate of 11%) or missense mutations
known to be functionally active (< 90% of peak INa
reduction, syncope rate of 5%, p=0.03).8” However, no
differences in the rate of major arrhythmic complica-
tions (SD or VF) were found according to the type of
mutation.®” Our data on 188 patients (all with Brugada
syndrome) carrying 69 different mutations in SCN5A
demonstrate that the presence of a mutation leading to
a premature stop codon is related to a greater rate of
SD and/or documented VFE.®® Indeed, the incidence of
major cardiac events during a lifetime was 23.9% in
patients with truncated protein, and 7.7% in patients
with other types of mutation (p = 0.01).%® Moreover, in
our series, the presence of a mutation leading to a trun-
cated protein was confirmed as an independent predic-
tor of cardiac events (HR 2.9, 95% CI 1.2-7.2, p =
0.02), together with the classical clinical risk factors
reported in previous series.*

In recent years, polymorphisms have been acquiring
greater importance to explain certain phenotypes of
genetic diseases. In the SCN5A locus, the common
H558R polymorphism has been shown to restore (at
least partially) the sodium current impaired by other
simultaneous mutations causing either cardiac conduc-
tion disturbances (T512D)* or Brugada syndrome
(R282H).” Thus, this polymorphism seems to give rise
to less severe phenotypes by mitigating the effect of
nearby mutations. According to this, our data on 75 gen-
otyped Brugada patients with SCN5A mutation demon-
strate that those carrying the common AA genotype
(H558H) have longer QRS duration in lead I (p=0.017),
higher J-point elevation in lead V2 (p = 0.013), higher
rate of “aVR sign” (p = 0.005) and a trend toward more

symptoms (p = 0.06) than carriers of the polymorphisms
AG (H558R) or GG (R558R).”

From these data, one can conclude that genetic test-
ing may be useful in the risk stratification of patients
with Brugada syndrome who are carriers of a SCN5A
mutation. This concept is particularly important
because, in contrast to previously defined clinical vari-
ables, genetic information is constitutional and thus
invariable over time within the same individual.

10.9.2 Family Screening

The first step after identification of a proband with
Brugada syndrome is to evaluate his or her individual
risk of SD and indicate ICD if necessary (see Prognosis
and risk stratification). Genetic testing is recommended
because a positive result helps confirm the disease in
patients with borderline phenotype, may provide infor-
mation on arrhythmic risk during lifetime (see above),
and allows the identification of family members who
are also carriers of the disease.

Given that the Brugada syndrome is commonly an
inherited disorder, family screening should always be
performed to identify possible relatives who are
unknowingly at risk of SD. The first step would be to
construct a family pedigree as the one shown in
Fig. 10.12. It is important to remind that hereditary
forms of Brugada syndrome are autosomal dominant
not linked to sex, and thus each affected patient has a
50% probability of transmitting the disease to his/her
offspring.

If genetic testing is available and the responsible
mutation has been identified in the proband, genetic
testing of all other family members (starting by first
degree-related) is the best approach for family screen-
ing because it allows both to establish and rule out
the disease with the maximum sensitivity and speci-
ficity. If genetic testing is not available or the respon-
sible mutation has not been identified, all direct
relatives should be studied first with basic anamnesis
and a basal ECG. For those with diagnostic type 1
ECG, and thus, carriers of the disease, conventional
risk stratification should be performed in order to
estimate their probability of cardiac events in follow-
up. In those family members with normal ECG at
baseline, as long as they are asymptomatic, our data
indicate that the probability of cardiac events in
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Fig. 10.12 Example of a
family pedigree. Squares
indicate males, circles
indicate females. Affected
patients are represented in
black solid figures, while
open figures indicate
non-affected individuals.
Sloping lines indicate
deceased individuals

Fig. 10.13 Proposed
algorithm for family
screening after identification
of a proband with confirmed
Brugada syndrome
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follow-up is extremely low (1/131 at 100 months,
unpublished data), meaning that either they are not
carriers of the disease, or, if they are, have little
expressivity and thus are at a very low risk of arrhyth-
mias. Pharmacological provocative test could be
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performed in these patients to increase the penetrance
and better identify possible disease carriers, which
would be useful for family planning and genetic
counseling. The proposed algorithm for family
screening is presented in Fig. 10.13.
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10.10 Summary

The Brugada syndrome is characterized by a typical
ECG morphology and an increased susceptibility to
present ventricular arrhythmias and sudden death in
the absence of structural heart disease. The character-
istic ECG pattern, known as coved-type or type 1, con-
sists of a persistent ST-segment elevation in right
precordial leads followed by negative T-waves, and
must be distinguished from other conditions that also
present with right ST-segment elevation. A number of
mutations in several genes encoding cardiac trans-
membrane channels have been linked to the syndrome,
but loss-of-function mutations in SCN5A encoding the
sodium channel remain the most common genetic find-
ing in patients with the syndrome. In recent years,
experimental studies have confirmed that it is an imbal-
ance between inward and outward positive currents
during the phase 1 of the action potential the main
mechanism that underlies both the ST-segment eleva-
tion and the susceptibility to develop ventricular
arrhythmias. This hypothesis also explains the effect
of certain modulators and certain drugs with clinical
applications, for example, sodium-channel blockers
for unmasking concealed forms of the disease or Ito
blockers such as quinidine for pharmacological ther-
apy, usually coadjunctive to ICD. Because the clinical
phenotype can be widely variable, risk stratification is
mandatory in all diagnosed patients, and should be
based on the presence of previous symptoms, basal
ECG findings, results of the EPS, gender, and probably
also on genetic findings. ICD is the only proven effec-
tive therapy for patients at high risk. Genetic testing,
although only positive in a minority of patients, can
help confirm the disease in patients with borderline
phenotype, may provide prognostic information, and
can be extremely valuable for family screening.
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Short QT Syndrome

Christian Wolpert, Christian Veltmann,
Rainer Schimpf, and Martin Borggrefe

11.1 Introduction

In 2000, Gussak et al. described an idiopathic short QT
interval associated with atrial fibrillation in a family
and sudden death in an unrelated individual.! Three
years later, in 2003, Gaita et al. reported the associa-
tion of a short QT interval and sudden cardiac death in
two unrelated European families.? Within the follow-
ing years, mutations in five different genes causative
for the short QT interval were identified. The muta-
tions either cause a gain of function of cardiac potas-
sium channels I, IKS’ and I, or a loss of function in
the cardiac L-type calcium channel (I, ).

The scope of this chapter is to provide a compre-
hensive description of the short QT syndrome (SQTS)
including the clinical, genetic, and pathophysiologic
aspects, as well as therapeutic consequences and treat-
ment options.

11.2 Molecular and Genetic Background

The SQTS is a genetically heterogeneous disease just
like the congenital long QT syndrome. By now, muta-
tions in five different genes have been identified.>® The
mutations are located on chromosomes 7, 10, 11, 12,
and 17 and encode for different cardiac ion channels.
According to the chronology of their first description,
the mutations are termed SQT1 to SQT5 (Table 11.1).
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The first mutation identified to be causative for the
short QT syndrome (SQT1) was a gain of function
mutation leading to an increase of the rapid component
of the delayed rectifier potassium current (I, ).” Two
different missense mutations were identified resulting
in the same amino acid change in HERG (KCNH2).
These mutations at nucleotide 1764 in the KCNH2
gene substitute the asparagine at codon 588 for a posi-
tively charged lysine (N588K). The residue is located
in the S5-P loop region of HERG at the outer mouth of
the channel. The N588K mutation causes a loss of the
normal rectification of the current at plateau voltages,
which results in a significant increase of I during
phase 2 and 3 of the action potential leading to abbre-
viation of the action potential and both, atrial and ven-
tricular refractoriness.

Genetic heterogeneity in SQTS was stressed by find-
ings of Bellocq et al. in 2004 who identified a mutation
in a single sporadic case of a 70-year-old patient with
SQTS (QTc 302 ms) and sudden cardiac arrest. They
identified a gain-of-function mutation (V307L) in the
KCNQI1 gene, which encodes the slow component of
the delayed rectifier potassium channel (1, ) (SQT2).
The mutation causes a —20 mV shift of the half-activa-
tion potential and acceleration of the activation kinetics
and activation of the mutant channels at more negative
potentials. This results in a gain of function of /. and
abbreviation of the action potential. A further missense
mutation in the same gene (V141M) was identified in a
baby with bradycardia and atrial fibrillation in utero.?
The ECG revealed a shortened QT interval and epi-
sodes of atrial fibrillation.

The third mutation responsible for SQTS was iden-
tified in 2005 by Priori and coworkers in two relatives
without sudden cardiac arrest (SQT-3).* A gain of
function in KCNJ2, encoding the inward rectifier
potassium channel (I, ), causes abbreviation of the QT
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Table 11.1 Short QT subtypes

SQT Gene Channel
SQT1 KCNH2 IKr
SQT2 KCNQ1 IKs
SQT3 KCNIJ2 IK1
SQT4 CACNAIC ICa
SQT5 CACNB2b ICa

interval and asymmetrical T waves with a rapid termi-
nal downslope.

Recently, novel mutations of the cardiac L-type cal-
cium channel genes responsible for shortening of the
QT interval in families characterized by sudden car-
diac death, atrial fibrillation, and a Brugada type | ECG
pattern have been reported.® Functional analyses
revealed loss of function missense mutations of the
CACNAIC (A39V and G490R) and CACNB2b
(S481L) genes encoding the pore forming of Ca 1.2
al- and B2b-subunits of the cardiac L-type calcium
channel. The decreased net current of the cardiac
L-type calcium channels leads to an abbreviation of
the plateau phase of the action potential and thus to a
short QT interval.

11.3 Epidemiology and Prevalence

To date, there is no clear-cut definition of what a short
QT syndrome is mainly because the lower cut-off for
the normal has not been defined in a consensus. There
have been some suggestions based on the distribution
of QT intervals in large populations using, for exam-
ple, two standard deviations as a cut-off. However,
larger diseases populations will have to be awaited to
draw conclusions regarding cut-offs. It can, however,
be stated here that a short QT interval is not the same
as a QT syndrome.

In the general population, QTc intervals follow a
Gaussian normal distribution.®!'! Normal QT intervals
were proposed as QTc intervals within two standard
deviations from the mean.'” Thus, 95% of the QTc
intervals of the general population are “normal.” QTc
shorter than the 2.5th percentile were defined as “short.”
Following this calculation, QTc of <350 ms for men
and QTc<360 ms for women are considered short.
For children, no specific data is available or has been

discussed so far with respect to lower limits of the nor-
mal. Schulze-Bahr proposed 310 ms as the lower limit
for QT interval. In large population-based studies, the
prevalence of a short QT interval was analysed. Within
an Italian predominantly male cohort, the prevalence
of a QTc <360 ms was 0.5%.'° Anttonen et al. analysed
a population of 10,822 subjects and found short QTc
intervals of <340 ms in 0.4% of the subjects. Very short
QTec intervals <320 ms were seen in 0.1% of the cases.
Patients with both a short and a very short QTc interval
had no cardiac events.® In a Japanese cohort of 12.149
subjects, 0.01% exhibited a QTc interval within the
2.5th percentile (men QTc <354 ms; females <364 ms)
and only three male subjects (0.03%) a QTc of
<300 ms.’ In another recent analysis of 19,153 subjects
undergoing biannual health examinations in the follow-
up program in Hiroshima and Nagasaki since 1958, the
prevalence for a short QT interval (QTc <350 ms) was
0.01%." Recently, Kobza et al. found a similar low
prevalence of 0.01% of QTc intervals <320 ms in
41,767 male army conscripts."!

We cannot give any explanation for the difference
between the study groups. A short QT interval does
not necessarily mean that it is per se pathological or
that one deals with the short QT syndrome. By now
approximately 50 patients have been diagnosed world-
wide with the short QT syndrome. The QTc intervals
of these patients are ranging from <300 ms up to
<360 ms. This indicates that there is a large overlap of
patients with short QT intervals and patients with the
short QT syndrome, as no clear cut-off value exists.

In summary, a short QT interval on the 12-lead
ECG does not predict a risk for life-threatening tach-
yarrthythmias per se. However, the rare finding of a
short QT interval should initiate a diagnostic work-up,
including among family members. In the case of a
short QT interval together with episodes of atrial fibril-
lation, sustained palpitation, unexplained syncope,
ventricular fibrillation, and/or a positive family history
for premature sudden cardiac death, short QT syn-
drome should be suspected.

11.4 Pathophysiology

After the identification of the underlying mutations
and affected cardiac ion channels, the cellular basis
and arrhythmogenesis in SQTS was examined.
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The first experiments in transmural left ventricular
wedge preparations and Langendorff heart prepara-
tions were performed using pinacidil, an activator of
I urp @s no specific I , I, -or [ agonists were avail-
able." " Under pinacidil, QT interval was shortened
and transmural dispersion of repolarization increased.
The action potential was abbreviated heterogeneously
among different cell types spanning the ventricular
wall and thus open the window for the genesis for
polymorphic ventricular tachycardia (phase 2 reen-
try). Transmural dispersion of repolarization was
associated with the inducibility of ventricular tachyar-
rhythmias. Quinidine application was able to reduce
monophasic action potential duration, and dispersion
of repolarization.'”

Recently, a specific agonist of I, PD-118057
became available. In LV wedge preparations, this agent
was able to abbreviate the QT interval significantly,
increased T wave amplitude and transmural dispersion
of repolarization. Furthermore, a shortening of the
effective ventricular refractoriness as known from the
SQTS patients was observed. Under PD-118057, poly-
morphic VT were inducible in 50% of the cases com-
pared to none in the control group. Quinidine therapy
was able to prolong QT interval and to suppress the
inducibility of polymorphic VT. However, the trans-
mural dispersion of repolarization remained unchanged.
Presumably, the suppression of inducibility of ventric-
ular tachyarrhythmias by quinidine is caused by the
increase in action potential duration and ventricular
effective refractory periods.

11.5 Clinical Aspects
and Clinical Diagnosis

11.5.1 Clinical Presentation

The clinical presentation of patients with SQTS is
heterogeneous.'> The most comprehensive data were
presented by Giustetto et al. including patients with
SQTS from the EUROSHORT registry.'® Patients
may be asymptomatic or present with benign symp-
toms like recurrent palpitations. Other clinical man-
ifestations are atrial fibrillation or unexplained
syncope (Fig. 11.1). The most frequent initial symp-
tom in patients with SQTS was sudden cardiac
arrest/death.'® The onset of symptoms is highly vari-
able reaching from the age of 4 months up to the age
of 62 years and distributed over all decades of life.
Sudden deaths occurred in the youngest patient at
the age of 4 months. Thus, SQTS represents an addi-
tional cause for the sudden infant death syndrome
(SIDS).

The hallmark of diagnosis is short QT interval on
baseline ECG. QTc intervals of <350 ms for males
and <360 ms for females should gain attention and
warrants further clinical work-up. In coincidence
with the clinical symptoms such as atrial fibrillation,
sudden cardiac death, family history of SQTS, or
sudden cardiac death, the diagnosis of SQTS is
established.

Fig. 11.1 This figure depicts
the 12-channel ECG of a
patient with SQT1 and atrial

fibrillation
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11.6 Diagnosis of Short QT Syndrome

The electrocardiogram of the first patients identified
with a SQTS (SQT1) showed very short QT intervals
and in addition short QT intervals corrected for heart
rate (QTc <300 ms). The patients identified as SQT2 —
SQTS5 exhibited QTc of up to 360 ms. The ECG in
SQT1-3 reveals tall, symmetrical, and asymmetrical
peaked T wave especially in the precordial leads
(Fig. 11.2). In SQT3, the T wave has a less steep
ascending part and a steep downslope.* In most cases,
a ST segment is absent with the T wave originating
directly from the S wave. Another finding in SQTS is
a prolonged T = T interval. Recently, Anttonen
et al. compared the J point — Lpeak interval in symptomatic
patients with SQTS, probands with a short QT interval,
and a control group of subjects with normal QT inter-
val.'”” Symptomatic patients with SQTS had signifi-
cantly shorter J point —Tpeak intervals and higher corrected
Tpeak - T, /QTc ratio compared to asymptomatic
probands with a short QT interval and subjects with a
normal QT interval. Patients diagnosed with SQT4 and

SQTS5 on the basis of a mutation in the cardiac calcium

channel exhibit shorter than normal QT intervals of
330-360 ms, which is relatively longer than in SQT1-
SQT3. These patients additionally show ST segment
elevation diagnostic of Brugada syndrome either spon-
taneously or after the administration of intravenous
ajmaline.’

Another important finding in SQT1 is the inappro-
priate adaptation of the QT interval to heart rate. In
patients with SQTS the QT interval does not shorten
adequately compared to normal controls.'®

Quinidine was able to restore the QTc/heart rate
ratio toward the normal range. A lack of adaptation of
QT interval with heart rate may be one additional cri-
terion for the diagnosis of SQTS.

A further diagnostic tool in SQTS is the electro-
physiological study. Atrial and ventricular effective
refractory periods are significantly shortened espe-
cially in SQT1. Atrial refractory period of 140 ms and
ventricular effective refractory period of 150 ms or less
are highly suspicious criteria of the SQTS. Another
finding is the high inducibility of ventricular fibrilla-
tion during programmed ventricular stimulation in
patients with SQTS (Fig. 11.3).1

Fig. 11.2 In this ECG one
can appreciate the typical T
wave morphology of a
patient with SQT1
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Fig. 11.3 This figure depicts the induction of ventricular fibrillation in a patient with SQT1 using triple extrastimuli with very short

coupling intervals

11.7 Differential Diagnosis

The heritable SQTS should be differentiated from the
acquired or secondary forms of QT shortening.
Documentation of a short QT interval on the ECG
should therefore lead to the exclusion of structural heart
diseases and underlying conditions such as hyper-
kalemia, hypercalcemia, hyperthermia, the period
immediately following VF, acidosis, and/or digitalis
overdose.'” Furthermore, structural heart disease, espe-
cially dilated cardiomyopathy, should be ruled out.*

11.8 Therapy, Follow-up, and Prognosis

11.8.1 Pharmacologic Therapy
of Short QT Syndrome

After the identification of the genetic background and
the cellular mechanisms of the SQTS clinical and

experiment studies have been conducted with respect
to the pharmacologic treatment. However, data on the
pharmacology treatment of patients with SQTS are
still limited with respect to the clinical use and long-
term outcome because of the low number of patients
diagnosed with SQTS at the moment.

Most of the experiences in vitro and in vivo are avail-
able for SQTI1. Heterogeneous expression studies
exhibited that the N588K mutation increased the den-
sity of I and reduced the affinity of I blockers like
D-sotalol 20-fold.” Thus, in vitro experiments could
proof the failure of D-sotalol restoring QT interval
in vivo. McPate et al. could demonstrate that the effect
of E-4031, a specific I, blocker, was also significantly
attenuated by the N588K mutation, whereas quinidine
was less and disopyramide the least affected by NS88K-
HERG.? Cordeiro et al. could nicely show that these
findings are based on the +90mV shift in the voltage-
dependence of inactivation of the HERG channels.
Most I_-blockers interact with the HERG channels in
the inactivated state. Thus, a failure of inactivation of
the HERG channel leads to the inefficacy of the specific
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I, blockers.” Recently, McPate et al. could demonstrate
that besides disopyramide and quinidine, propafenone
and amiodarone also were only slightly inhibited by the
mutant N588K.*' Thus, these drugs may serve as an
additional option in the pharamacologic treatmet of
SQT1. For SQT3 El Harchi et al. could identify in
in vitro experiments that chloroquine is an effective
pharamcologic inhibitor of the SQT3 D172N mutant
Kir2.1.2

In the clinical setting, several class I and III antiar-
rhythmic drugs have been tested in patients with the
gain of function mutation in HERG (SQT1)."!%* For
class III antiarrhythmics, neither b-sotalol nor ibutilide
were able to prolong QT interval. Flecainide, a
Na+channel blocker, which has in addition a blocking
effect on I, and on the transient outward potassium
current (I ), led to an increase in ventricular effective
refractory periods. However, acute administration of
flecainide did cause prolongation of refractoriness
and only slight prolongation of the QT interval.** In
contrast, the class I antiarrhythmic agent quinidine,
was able to normalize the QT interval and to prolong
the ventricular effective refractory period in patients
with a SQT1."® Additionally, quinidine restored the
heart rate dependence of the QT interval toward the
normal range and rendered ventricular tachyarrhyth-
mias non-inducible in patients in whom baseline elec-
trophysiological studies demonstrated reproducible
inducibility of ventricular fibrillation.'®* Following the
positive effects of disopyramide in in vitro experiments,
disopyramide has also been shown to be effective in a
pilot study in patients with a SQT1.2/* No patient on
quinidine therapy suffered from ventricular fibrillation
or a recurrence of atrial fibrillation during mid-term
follow-up.'®? A subset of patients treated with
propafenone is free of recurrences of atrial fibrillation
without prolongation of the QT interval. Whether
quinidine, propafenone, or disopyramide represent an
alternative to ICD therapy in prevention of sudden car-
diac death cannot be finally answered. Drugs may be an
alternative in patients refusing ICD implantation or for
those who are not eligible for ICD therapy. In addition,
drugs can be given to ICD-bearing patients who experi-
ence recurrent electrical shocks.

Whether the effects of the investigated class I and
III drugs can be translated to SQT2-SQTS5 is not clear.
However, in a patient with SQT4 quinidine was able to
prolong QT interval and suppress paroxysms of atrial
fibrillation.

Due to the electrophysiological and genetic heteroge-
neity of the SQTS, therapy may have very different
effects depending on the type of mutation and the
affected channel. Further studies of pharmacologic ther-
apy are warranted to elucidate the potential long-term
benefit of pharmacologic treatment. However, such stud-
ies are complicated by the low number of SQTS patients
identified so far, especially in SQT2 and SQT3.

11.8.2 ICD Therapy

By now the only reliable treatment to prevent patients
from sudden cardiac death is the implantation of an
implantable cardioverter-defibrillator (ICD). In symp-
tomatic patients with SQTS, the ICD is the therapy of
choice, while antiarrhythmic drug therapy may repre-
sent an adjunct or an alternative therapy in children or
in newborns where ICD implantation is technically
challenging and often associated with high morbidity.
The risk for inappropriate ICD discharges due to T
wave oversensing is increased in patients with SQTS
compared to other conditions with ICD implanted,
since intracardiac T waves are high and closely cou-
pled to the preceding R wave. This issue can be solved
by individual ICD programming of the sensing param-
eters and selection of specific devices. Additionally,
quinidine therapy helped to avoid T wave oversensing
by increasing the QT interval.”’

11.9 Risk Stratification
and Indication for ICD

Since the number of patients with SQTS is still low, we
are lacking reliable data and relevant follow-up dura-
tion for a conclusive statement on risk stratification. In
patients with a short QT interval in the presence of
syncope of unknown origin or aborted sudden cardiac
death an implantation of an ICD is indicated. In asymp-
tomatic patients the indication for primary prophylac-
tic ICD implantation is not clear. In the families with
SQT1 most of the asymptomatic relatives with SQTS
underwent primary prophylactic ICD due to the high
incidence of familiar sudden death and syncope.
Whether the family history of sudden cardiac death
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associated with a short QT interval serves as a risk fac-
tor is unknown. As stated above inducibility at pro-
grammed stimulation is high, which may be explained
by the extremely short refractory periods. However,
whether the inducibility of ventricular arrhythmias is
predicting future cardiac events is doubtful. In the only
patient with SQTS receiving an appropriate ICD shock
so far, ventricular tachyarrhythmias were not induc-
ible.”® Whether the degree of QT interval shortening
can be used as a marker of risk is still unknown.

11.10 Cardiogenetics Aspects

Because of the high genetic heterogeneity in SQTS
and the low number of patients, a genotype—phenotype
correlation cannot be established. Furthermore, only
approximately 25% of patients diagnosed with SQTS
were carriers of an underlying potassium or calcium
channel mutation. This suggests that other, unknown,
genetic defects may be involved. After the identifica-
tion of a patient with SQTS, genetic analysis should be
attempted and family screening initiated, irrespective
of having a causal mutation found.

11.11 Summary

The SQTS is one of the primary electrical diseases of
the heart with a high incidence of syncope and sudden
cardiac death. The hallmark for the diagnosis is a short
QT interval on the baseline ECG with a QTc <350 ms
for males and a QTc<360 ms for females, respec-
tively-. Until now, approximately 50 patients have
been identified worldwide. Because of the limited
number of patients and the genetic heterogeneity of the
disease, strong genotype—phenotype correlation and a
conclusive risk stratification are not yet available. The
class I antiarrhythmic drug quinidine was shown to
prolong QT interval and refractoriness and rendered
previously inducible ventricular tachyarrhythmias
non-inducible. The only reliable treatment so far in the
prevention of sudden cardiac death is the implantation
of an ICD and anyone with the diagnosis of symptom-
atic SQTS should have an ICD implanted. In addition,
patients with SQTS should be referred for genetic

counseling, molecular genetic analysis, and initiation
of family screening.

Take Home Message

> SQTS is a very rare but potentially highly
malignant disease.

> SQTS should be considered in anyone with a
QT <350 ms without potential other causes.

> One always must think about SQTS in the fol-
lowing special cases:
— Aborted cardiac arrest or sudden cardiac

death of unknown origin

— Atrial fibrillation at young age
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Catecholaminergic Polymorphic
Ventricular Tachycardia

Christian van der Werf and Arthur A.M. Wilde

12.1 Introduction

Catecholaminergic polymorphic ventricular tac-
hycardia (CPVT) is a highly malignant inherited
arrhythmia syndrome, characterized by bidirectional
or polymorphic ventricular tachycardia (VT) and
ventricular fibrillation (VF) during physical or emo-
tional stress in structurally normal hearts.' This dis-
ease is illustrative of the progress that has been made
in the field of cardiogenetics in the last decennia.
The first case reports on CPVT date from the 1960s
and 1970s, among others a case of a 6-year-old girl
with bidirectional tachycardia triggered by exercise.’
An important series describing the phenotype of 21
children with CPVT was published in 1995,! and the
underlying molecular genetic basis was discovered
in 2001.%7° In recent years significant progress has
been made in the treatment of this potentially lethal
condition.®”

12.2 Etiology

12.2.1 Molecular Background

CPVT is caused by modifications in the normal cardiac
calcium homeostasis (Fig. 12.1).1% In the normal
heart, a small quantity of calcium enters the cell via
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voltage-dependent L-type calcium channels during the
plateau phase of the action potential. This triggers
calcium release from the sarcoplasmic reticulum (SR)
into the cytosol through the cardiac ryanodine type 2
receptor (RyR2) channel, which is located in the
membrane of the SR. This entire process is termed
calcium-induced calcium release (CICR). As a conse-
quence, the cytosolic calcium concentration increases

-t Mitochondrion

Contraction/relaxation

Fig. 12.1 Regulation of the RyR2 channel function in cardiac
myocytes. T T-tubule; L L-type of Ca2+ channel; E, NE epineph-
rine, norepinephrine; hAR beta-adrenergic receptor; cAMP
cyclic AMP; PKA protein kinase A; FKBP12.6 calstabin2; TRD
triadin 1; JCN junctin; CASQ?2 calsequestrin 2; SR sarcoplastic
reticulum; SERCA2a sarcoplastic reticulum Ca2+-ATPase;
NCX Na+/Ca+exchanger (Adapted from . With permission)
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significantly, which causes activation of the actin-myo-
sin filaments with subsequent myocyte shortening and
systole. Stimulation of the sympathetic nervous system
is associated with activation of intracellular cyclic
AMP, which results in phosphorylation of RyR2
through protein kinase A (PKA) and activation of
CICR."

During diastole, most of the reuptake of cytosolic
calcium into the SR is performed via SR calcium ade-
nosine triphosphatase (SERCA).!" In addition, calcium
is removed from the cell by sodium/calcium exchanger
(NCX).

12.2.2 Pathophysiology

Genetic defects in the genes encoding RyR2 and car-
diac calsequestrin (CASQ?2) underlie CPVT.* To date,
over 70 mutations have been identified in the RyR2
gene, which causes an autosomal dominant CPVT
phenotype and is termed CPVT type 1. The rare CPVT
type 2 phenotype is caused by mutations in the gene
encoding CASQ2 and shows an autosomal recessive
inheritance pattern. A third and highly malignant type
of CPVT maps to a yet unknown gene that resides on
chromosome 7p14—p22 and also segregates as an auto-
somal recessive trait."”

Both RyR2 and CASQ2 are calcium regulatory
proteins.'”> Out of the three isoforms of ryanodine
receptor (RyR1 to RyR3), RyR2 is considered to be
the cardiac isoform.!' RyR2 is one of the largest car-
diac ion channel proteins, comprising 4,967 amino
acids and the gene encoding RyR?2 is located on chro-
mosome 1 (1q42-q43).'* CASQ?2 is a 399 amino acid
protein and is located in the cardiac SR as well and
modulates the activity of the RyR2 channels.! When
the calcium concentration in the SR is low, CASQ2
inhibits RyR2 activity and this inhibition is relieved
when the calcium concentration increases.!” The gene
encoding CASQ2 also resides on chromosome 1
(1p11-p13.3).°

Mutations in the genes encoding RyR2 or CASQ2
modify their function, which results in calcium leakage
from the SR into the cytosol.'®!” This intracellular cal-
cium overload results in activation of NCX. NCX
exchanges one calcium ion for three sodium ions,
which produces a transient inward current (I). 1.

generates delayed afterdepolarizations (DADs), which
can lead to triggered activity in myocytes and ventricu-
lar arrhythmias, in particular under conditions of
B-adrenergic stimulation.?***

12.3 Clinical Aspects

12.3.1 Epidemiology

There are relatively few epidemiological data on CPVT.
The prevalence in the general population is unknown,
but is estimated to be approximately 1 in 10 000."

However, this rare disease seems to be much more
common in young victims of sudden unexplained
death (SUD), that is, sudden death victims with no
significant anatomical abnormalities at autopsy, or in
which no autopsy is performed. This was, for exam-
ple, shown by Tester et al., who performed nontar-
geted screening of the cardiac ion channel genes in
49 SUD victims aged 1-43 years.? In seven patients
(14%), a putative causal mutation was detected in
the RyR2 gene. In similar subsequent series,
Creighton et al. identified three RyR2 mutations
(21%) in 14 exercise-triggered SUD victims aged
1-43 years,* and Nishio et al. found three RyR2
mutations (18%) out of 17 cases of SUD at the age of
12-42 years.”

Another clue of the significant contribution of
CPVT to SUD in the young was derived from studies
by Tan et al. and Hofman et al.?>?” In these series, the
yield of cardiological and genetic examination in sur-
viving relatives of the SUD victims was assessed. In
the series by Tan et al., comprising 43 SUD victims
aged 1-40 years, CPVT was diagnosed in five cases
(12%).%* Hofman et al. included 25 pediatric SUD
victims (partly overlapping with the series decribed
by Tan et al.) and found CPVT in the relatives of two
of them (8%).”” In contrast, in two comparable series
by Behr et al., comprising 32 and 57 SUD victims
aged 4-64 years in which autopsy was negative in all
cases, CPVT was diagnosed in none of the
families.?®*

In sudden infant death syndrome (SIDS), which is
defined as the sudden death of an infant under 1 year of
age that remains unexplained after thorough investigation
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including autopsy, CPVT might also play a role. Tester
et al. demonstrated that 1-2% of SIDS may be due to
CPVT.®

12.3.2 Clinical Diagnosis

The first key element in diagnosing CPVT is the
patient’s clinical history.'*! CPVT patients experience
complaints, which are typically induced by exercise or
emotional stress, in particular dizziness or syncope.
Most symptomatic patients are young children. The
first syncope usually occurs at the age of 7-9 years and
not before the age of 3.! Sometimes these children
know exactly which activities induce their complaints,
and most often they try to avoid these triggers. Family
history frequently contains syncope or sudden death in
young relatives related to similar triggers.

Many of the patients who in the end are diagnosed
with CPVT, have been misdiagnosed previously, pre-
dominantly with epilepsy. This is probably because
syncope in CPVT can resemble epilepsy. It can include
a hypertonic phase, convulsive movements, and loss of
urine or feces.

The second key element, the typical bidirectional or
polymorphic VT, is sometimes registered with Holter
monitoring during syncope. However, most often VT is
provoked and registered during exercise testing. The
typical exercise test in an untreated CPVT patient is as
follows. Ventricular premature beats (VPBs) appear
during sinustachycardia, first isolated and monomor-
phic. The number of VPBs increases with sinus rate, for
example, to bigeminy. Finally, the VPBs form rarely
monomorphic and mostly polymorphic salvos. These
rapid, irregular, and polymorphic VTs may persist when
exercise is continued. When the exercise test is ceased,
ventricular ectopy frequently disappears immediately.
The typical bidirectional VT, which is infrequently
observed, refers to ventricular complexes with beat-to-
beat alternating right and left QRS axis (Fig. 12.2).
Sinus rate at the start of ventricular ectopy is often well
reproducible within a patient. The onset focus of ven-
tricular ectopy has been observed to be located fre-
quently in the right ventricular outflow tract.’”

Supraventricular arrhythmias, mainly atrial ectopic
beats, nonsustained supraventricular tachycardia, and
short runs of atrial fibrillation, can also appear in CPVT
patients during exercise.’!

When exercise test is not possible or not preferred,
adrenaline (0.1-0.3 pg/kg/min) or isoproterenol infu-
sion can be used for simulation."!'’> These tests can
also be considered in a patient with a normal resting
ECG and a negative exercise test in whom syncope or
aborted cardiac arrest (ACA) occurred during exertion
or emotion.'” Programmed electrical stimulation has
not been proven valuable to induce VT in CPVT.!

Resting ECG has inconsistently been described to
show several abnormalities, in particular bradycardia
and prominent U-waves.!*%3 Physical examination,
echocardiography, and other cardiological examina-
tions are typically normal in CPVT patients.

12.4 Genetic Diagnosis

The yield of genotyping in CPVT depends on the cer-
tainty of the clinical diagnosis.’** In patients with a
conclusive diagnosis, that is, documented exercise or
emotion-induced bidirectional or polymorphic VT, in
the absence of structural cardiac disease, a RyR2
mutation is found in 50-70%.%3¢ CPVT patients with
a RyR2 mutation are more often male, and syncope
occurs at significantly younger age as compared to
nongenotyped patients.*® The yield of RyR2 genotyp-
ing is 38% in patients with exertion-induced syncope
and exercise test-induced ventricular ectopy, but no
bidirectional or polymorphic VT,* and 5% in patients
with exercise or emotion-induced syncope without
documented bidirectional or polymorphic VT, 3 both
a possible diagnosis of CPVT. Notably, in 45 cases
with exercise-induced syncope, corrected QT interval
values <480 ms, and no mutations in the 12 long QT
syndrome (LQTS)-associated genes, RyR2 missense
mutations were found in 31%.% Mutations in RyR2
are clustered in certain regions.” This facilitates a
tiered genotyping strategy, which was recently pro-
posed and seems attractive and more cost-effective
because of the large size of this gene.* The RyR2
genotyping strategy starts with screening the 16 exons
known to host three of more unique CPVT-associated
mutations, which (in case of negative results) can be
followed by screening the 13 exons with two muta-
tions reported and 16 exons with one mutation
reported. Finally, when no mutation is detected yet,
the normal pseudo-comprehensive RyR2 scan can be
performed.
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Fig. 12.2 Exercise test a
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Fig. 12.2 (continued) c
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Identifying a putative pathogenic mutation is
important, because it provides the opportunity to gen-
otype relatives of the index patient. The phenotype is
similar in genotype-positive and nongenotyped CPVT
patients, thus the identification of a mutation does not
influence treatment or risk stratification in the index
patient.

When relatives of an index patient appear to be car-
rier of the same mutation, sometimes complaints and
exercise-induced VT can be completely absent. In one
series of 43 RyR2 mutation carriers, 35% was com-
pletely asymptomatic.’” However, these silent muta-
tion carriers are at risk of cardiac events as well.?’*

12.4.1 Differential Diagnosis

When a patient presents with exercise or emotional
stress-induced syncope or ACA, LQTS, particularly
type 1, is another possible diagnosis. In most cases,
resting 12-lead ECG can immediately differentiate
between LQTS and CPVT. In CPVT, usually no

(PIEK INSPANNING)

118 spm Belasting 50/25Watt
200/87 mmHg Stad. 2 0.0W
02:35 7.0 rpm
1
\Y
V6

25mm/s 10mm/mV 50Hz 0.01Hz FRF+ HF(V6,l)

abnormalities are seen, whereas LQTS can be revealed
most often by a prolonged QTc interval and/or an
abnormal T wave morphology. When resting ECG is
normal; exercise testing can help to discriminate
between LQTS and CPVT. Ventricular ectopy is rarely
observed in LQTS and ventricular ectopy beyond a
single intermittent VPB is much more common in
CPVT.¥ In a cohort of 381 patients who were referred
because of a suspicion of LQTS, VPBs in bigeminy
had a sensitivity of 81%, specificity of 96%, positive
predictive value of 45%, and negative predictive value
of 99% for CPVT.¥

When bidirectional VT is observed during exercise,
Andersen—Tawil syndrome (LQTS type 7) should also
be considered."” This condition is caused by loss of
function mutations in the KCNJ2 gene, and is usually
associated with extracardiac manifestations, that is,
periodic paralysis and facial dysmorphisms.

RyR2 mutations have been reported in few fami-
lies with arrhythmogenic right ventricular dysplasia/
cardiomyopathy as well.** However, as in CPVT no
structural cardiac abnormalities are present, the dif-
ferences between these two phenotypes are usually
very clear.
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12.4.2 Therapy and Prognosis

12.4.2.1 Lifestyle Modifications

CPVT patients are advised not to perform any (com-
petitive) sports, especially when VT is observed during
exercise testing. In pediatric CPVT patients, the par-
ents are recommended to observe their children while
playing and swimming. Although cardiac events dur-
ing swimming are more typical for LQTS type 1, they
also occur in CPVT patients.*!

12.4.2.2 B-Blocker Therapy

As the trigger for arrhythmias in CPVT is an adrener-
gic state, 3-blocker therapy is the cornerstone of ther-
apy. P-blockers have been empirically used with
success for the treatment of CPVT for decades, but not
until in 2009 Hayashi et al. provided statistical evi-
dence that B-blockers protect for cardiac events and
fatal or near fatal events.*® In this series of 101 CPVT
patients, 20 patients were not treated with -blockers
by their physician, most frequently because cardiac
symptoms and stress-induced VT were absent. The
8-year cardiac event rate, which was defined as stress-
induced syncope, ACA (including appropriate implant-
able cardioverter-defibrillator (ICD) discharge) or
SCD, was 27% in the patients treated with B-blockers,
as compared to 58% in the untreated patients. In 11%
of the patients treated with 3-blockers a fatal or near-
fatal event (SCD or ACA) occurred during 8 year of
follow-up, in comparison to a 25% fatal or near-fatal
event rate in the untreated patients. In multivariate
analysis, the absence of B-blocker treatment was an
independent predictor for any cardiac event (hazard
ratio (HR), 5.48; 95% CI, 1.80-16.68; P=0.003) and
fatal or near-fatal events (HR, 5.54; 95% CI, 1.17-
26.15; P=0.03).

An other important finding in this study was that the
event rates within patients with a syncopal history
before diagnosis and patients with no history of syn-
cope do not differ.®® Moreover, cardiac events also
occurred in silent mutation carriers. This signifies that
every CPVT patient and/or RyR2 or CASQ2 mutation
carrier should be treated aggressively, regardless of
any prior syncopal events or documented ventricular
arrhythmias.

Furthermore, a younger age at the time of the diag-
nosis independently predicted cardiac events, both in
the entire series (HR, 0.54 per decade; 95% CI, 0.33—
0.89, P=0.02), and in the subgroup treated with
B-blockers (HR, 0.31 per decade, 95% CI, 0.14-0.69,
P=0.004).%® Children are most often treated with a
B-blocker dosage based on bodyweight, but these
results suggest that this might be inadequate.

Although the authors state that in their series, the
cardiac events in patients on B-blocker therapy might
be due to an insufficient dosage or noncompliance,®
there have been more observations of suboptimal
treatment with the maximum tolerable dosage of
B-blockers in some patients. For example, in a series
by Sumitomo et al., seven of the 29 CPVT patients
died suddenly during a follow-up of 6.8 years, includ-
ing four patients on P-blocker therapy.” and Priori
et al. even reported sustained VT or VF in 18 out of 39
(46%) on B-blocker therapy during 40—-52 months of
follow-up.

The effectiveness of the different B-blockers in CPVT
have never been compared with one another. In most
case series nadolol is used.! A dosage of >1.5 mg/kg
is advisable.® Atenolol, bisoprolol, metoprolol, propa-
nolol, and sotalol are also used. B-blockers with intrinsic
sympathomimetic activity are not recommended.
Whatever B-blocker prescribed, the optimal dosage to
suppress VT should be titrated by performing exercise
tests on a regular base.

12.4.2.3 Other Pharmacologic Therapy

As B-blocker therapy is not sufficient in all CPVT
patients, calcium channel blocker therapy has been
suggested as an adjuvant.®*? Rosso et al. showed that
oral verapamil (2-3 mg per kg bodyweight per day in
children, and 240 mg per day in adults) in addition to
B-blocker therapy decreased VT during exercise test
in five CPVT patients when compared to monotherapy
with B-blockers.® Swan et al. reported similar findings
in six CPVT patients who were on -blocker therapy
and underwent an exercise test after intravenous infu-
sion of verapamil (0.2 mg per kg bodyweight).*
Watanabe et al. recently provided evidence for a
beneficial effect of flecainide in two highly symptom-
atic CPVT patients despite conventional drug therapy.’
In a CPVT mouse model, flecainide proved to inhibit
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RyR2-mediated calcium release into the cytoplasm,
which prevented ventricular arrhythmias. Subsequently,
this mechanism-based approach suppressed VT in two
patients, who had remained highly symptomatic
despite B-blocker and calcium channel blocker ther-
apy. These promising results will need to be confirmed
in a larger series of conventional therapy-resistant
CPVT patients.

Other pharmacologic agents, such as amiodarone
and magnesium, have been tested in CPVT patients,
but lacked efficacy.!” In the acute setting, adenosine
and propanolol have been reported in case reports to
terminate VT in CPVT patients.*>

12.4.2.4 Nonpharmacologic Therapy

Surgical left cardiac sympathetic denervation (LCSD)
has been proven to be a highly effective therapy in
CPVT patients whose symptoms are not controlled by
pharmacologic therapy.®4**" During this procedure,
the lower part of the stellate ganglion and the second
and third thoracic ganglia are ablated. As a result, the
release of norepinephrine in the heart is highly dimin-
ished, which has an antiarrhythmic effect. A few cases
with excellent results after this procedure have been
published,? including one case with 10 year follow-
up,® and several patients in whom video-assisted tho-
racoscopic surgery was used.*®¥

12.4.3 Follow-up

The basis of follow-up of CPVT patients is perfor-
mance of exercise testing and Holter monitoring on a
regular basis. With these examinations, the efficacy of
treatment can be monitored and, if necessary, adjust-
ments can be made. It is important to emphasize that in
a part of CPVT patients VPBs remain present during
exercise testing despite optimal therapy. In clinical
practice this is considered safe and acceptable, though
its prognostic relevance is actually unknown. However,
the presence of couplets or more successive VPBs
should not be accepted, as these are significantly asso-
ciated with future cardiac events (sensitivity, 0.62;
specificity, 0.67; P=0.03).%®

12.4.4 Risk Stratification/
Indication for ICD

The 2006 ACC/AHA/ESC Guidelines for Management
of Patients With Ventricular Arrhythmias and the
Prevention for Sudden Cardiac Death give a class I rec-
ommendation for implantation of an ICD in addition to
B-blocker therapy for CPVT patients who are survivors
of ACA.* A class Ila recommendation is given for [CD
implantation in CPVT patients with syncope and/or
documented sustained VT despite B-blocker therapy.

However, as the malignancy of this disease has been
well recognized, in the recent years ICD implantation
has been performed more liberal than the guidelines
recommend. This is an unfortunate development,
because ICD implantation has some serious disadvan-
tages in the setting of this specific condition and can
even be harmful. Both appropriate and inappropriate
shocks cause pain and fear, which raises the release of
catecholamines and can result in VT, electrical storm
or VFE. This mechanism was illustrated in two case
reports on death of a CPVT patient with an ICD.*** In
one case, a young male CPVT patient received inap-
propriate ICD therapy as a result of paroxysmal atrial
fibrillation, which triggered the fatal ventricular
arrhythmias.® In the second case, a young woman with
incessant rapid polymorphic VT could not be saved
despite appropriate ICD therapy.® Hence, lessons to be
learned from these cases are that one should be very
reluctant to implant an ICD in CPVT patients. Indeed,
ICDs can be proarrhythmic in this setting.

12.4.5 Cardiogenetics Aspects

The odds of positive genotyping are highest in patients
with a conclusive diagnosis of CPVT.!** Bai et al.
found a RyR2 mutation in 62% of 81 patients with a
conclusive diagnosis of CPVT, which resulted in an
estimated cost of US $5263 per one positive RyR2
genotyping. In patients with exercise or emotion-
induced syncope without documented bidirectional or
polymorphic VT, ACA survivors, and relatives of SCD
victims the yield of genotyping was much lower,
resulting in considerably higher costs. Thus, it is highly
recommendable to reserve genotyping for index
patients with a certain diagnosis of CPVT. When no
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mutation is found in RyR2, CASQ?2 genotyping can be
considered. Apart from families with consanguinity,
this is also recommended in cases with a clear CPVT
phenotype, as heterozygous carriership of CASQ2
mutations can cause CPVT."!

When a particular CPVT genotype is detected,
first-degree relatives should be tested to identify those
relatives at risk of cardiac events. This provides the
unique opportunity to take preventive measure in
mutation carriers, as the first manifestation of CPVT
can be cardiac arrest. In contrast to many other inher-
ited diseases, genotyping in CPVT is strongly recom-
mended in children from the age of 4 years, because
the disease can manifest itself at young age. In case no
mutation is detected in the index patient, thorough
clinical evaluation of first-degree relatives is
recommended.

12.5 Summary

CPVT is a rare, but very lethal primary arrhythmia
syndrome, most often caused by gain-of-function
mutations in the gene encoding RyR?2, which result in
an intracellular calcium overload. Increased adrener-
gic stimulation induces the classic bidirectional or
polymorphic ventricular VT or even ventricular fibril-
lation. The typical pediatric patients often experience
syncopes during stress and have structurally normal
hearts. The primary treatment consists of cessation of
physical exertion and (-blocker therapy, with regular
follow-up including exercise, testing, and Holter
monitoring. This treatment should be offered to all
CPVT patients, that is, clinically diagnosed patients
with or without syncope and silent mutation carriers.
In case of insufficient suppression of ventricular
arrhythmias, addition of a calcium channel blocker or
perhaps flecainide are alternative options. LCSD can
be performed in the most severe cases. Implantation
of an ICD should be avoided as much as possible
because of its potential proarrhythmic effect in this
specific condition. In all first-degree relatives above
the age of 4 of an index patient, cardiological and
genetic evaluation is recommended to provide the
opportunity of taking preventive measures in the
affected individuals.
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A Molecular Genetic Perspective
on Atrial Fibrillation

Jason D. Roberts and Michael H. Gollob

13.1 Introduction

Atrial fibrillation (AF), the most common sustained
cardiac arrhythmia, is a source of significant morbidity
and mortality predominantly through its sequelae of
heart failure and stroke. Despite its prevalence and
clinical significance, its pathophysiology remains
incompletely understood and treatment strategies
remain relatively ineffective. In recent years, the
importance of genetics in predisposing to AF has been
clearly recognized, and in a remarkably short time
period there have been a flurry of landmark discover-
ies. Insight into the molecular genetics of this condi-
tion promises to lead to more effective forms of therapy
that will help reduce the burden currently carried by
patients and health care systems.

13.2 Epidemiology

AF represents the most common cardiac arrhythmia
and affects well over two million Americans.' Its prev-
alence increases with age and ranges from less than
0.5% in those aged less than 55-9% in octogenarians.”
Because of the advancing age of Western populations,
its incidence is expected to increase over the coming
years and has been projected to affect as many as 16
million Americans by 2050.> AF independently
increases the risk of mortality with an age-adjusted
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odds ratio for death of 1.9 in females and 1.5 in males;
however, its sequelae of stroke and heart failure repre-
sent the greatest sources of morbidity and mortality.*
Accounting for a large proportion of strokes in the
elderly, AF has been estimated to cost the American
health care system over US $1 billion annually.'” Its
burden on the global population, in terms of both health
and health care dollars, will likely only get worse in
the coming years as populations age. This is further
exacerbated by the current lack of highly effective
therapies for this exceedingly common condition.

In addition to advancing age, structural heart dis-
ease also represents a major risk factor for AF.S°
However, approximately 10-20% of cases of AF
occurs in the absence of known risk factors and have
been termed lone AF.” Without obvious contributing
factors, genetics have been hypothesized to play an
important role in the development of this form of the
arrhythmia. Indeed, a family with lone AF transmitted
with an autosomal dominant pattern of inheritance was
first documented by Wolff in 1943.8 A recent study of
siblings has found that brothers and sisters of patients
with lone AF have a 70-fold and 34-fold increased risk
of developing the arrhythmia relative to the general
population, respectively.” Previously felt to be rare,
contemporary work has begun to suggest that familial
AF may be much more common than previously
expected. Defining familial lone AF as being the pres-
ence of the arrhythmia in both the proband and at least
one first degree relative, it has been shown that it
accounts for 15% of all cases of lone AF.!

Other studies have found evidence for a genetic
component in the more common form of AF associ-
ated with structural heart disease. A prospective cohort
analysis from the Framingham Heart Study involving
2,243 subjects found that parental AF conferred an
increased risk for development of the arrhythmia in
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their offspring (odds ratio of 1.85)."" A similar study
from Iceland involving 5,269 patients identified a 1.77-
fold increased risk of developing the arrhythmia in first
degree relatives.'> These data emphasize that a genetic
predisposition is likely important in the development
of all forms of AF.

13.3 Molecular Background

AF reflects a disturbance of the electrical activity
within the top chambers of the heart. Transmission of
electrical impulses within the heart occurs through ion
channels, pore forming proteins present within the
plasma membranes of cardiomyocytes.'* There are a
variety of different types of cardiac ion channels, each
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Phase 2

of which contributes to the cardiac action potential.
The two major types of cardiomyocytes within the
heart include pacemaker cells and cardiac muscle cells,
each with its own distinct action potential.** The action
potential for the cardiac muscle cell is designed to
allow for rapid conduction of electrical impulses. In
contrast, cardiac pacemaker cells are endowed with a
property termed intrinsic automaticity, which allows
these cells to function as pacemakers within the heart.
The action potential of the cardiac muscle cell will be
the main focus of this discussion.

Figure 13.1 depicts the action potential of the car-
diac muscle cell, which is divided into five phases.
Phase O reflects the rapid depolarizing upstroke that
occurs secondary to rapid sodium influx into cells and
is referred to as [. It is mediated by a voltage-gated
sodium channel, termed Na 1.5, which is the protein
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lon Current lon Channel ~ Gene(s)
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Fig. 13.1 The atrial action | Cai2
potential. The action potential Ca) V """ v CACNAT1C
is divided into four phases
mediated by distinct ionic l K15 KCNA5
currents. These currents are ur v
driven by voltage-gated ion
channels that allow specific lr K,11.1 KCNH2/KCNE2
ions to pass across the cardiac
sarcolemma. The identity of |
the currents, the voltage-gated Ks K71 KCNQ1/KCNE1
ion channels, and their
encoding genes is provided Ikq K,2.1 KCNJ2

(Adapted from Marban)




13 A Molecular Genetic Perspective on Atrial Fibrillation

209

product of the SCN5A gene." The rapid upstroke,
reflective of the rapid flow of current, endows these
cells with an ability to transmit electrical impulses
with a high conduction velocity. Phase 1 involves a
transient current of repolarization, termed I that
occurs secondary to an efflux of potassium ions from
the cell through the K 4.3 voltage-gated potassium
channel encoded by KCND3.'® Phase 2, also referred
to as the plateau or dome phase, reflects a balance of
inward calcium current and outward potassium cur-
rent.'* Flow of calcium occurs through voltage-gated
L-type calcium channels. The calcium influx during
phase 2 not only plays a critical role in the kinetics of
the cardiac action potential, but is also important in
excitation-contraction coupling.'”

Repolarization is mediated by a current that arises
secondary to the flow of potassium ions out of the cell.
Referred to as the delayed rectifier potassium current, it
is divided into 3 different components on the basis of
timing. The first, termed the ultrarapid component of the
delayed rectifier potassium current (I ), is unique to the
atria and is felt to be mediated by Kv1.5, a voltage-gated
potassium channel encoded by KCNAS.'3 Following
I 1s the rapid component of the delayed rectifier potas-
sium current (I, ) and involves the gene products of both
KCNH?2 (HERG) and KCNE2.% Lastly, there is the slow
component of the delayed rectifier potassium current
(1), which involves the gene products of both KCNQI
and KCNE1*" Although I, _only occurs within the atria,
I and I occur in both the atria and the ventricles.”

Phase 4 reflects a resting phase whose properties
are in part modulated by the cardiac inward rectifier
potassium current, or I, mediated by Kir2.1 and
encoded by the KCNJ2 gene.” Although I, | is voltage-
gated, its activity differs markedly relative to the previ-
ously mentioned voltage-gated potassium channels
involved in Phase 3. While the delayed rectifier potas-
sium current is triggered by cellular repolarization, I,
activity predominates when the cell is hyperpolarized
or near resting potential.? The efflux of potassium ions
mediated by 7, during Phase 4 serves as an important
contributor to the resting membrane potential of the
cell and in this context has the potential to influence
cellular excitability.* Upon depolarization, the magni-
tude of /| is dramatically reduced; a property that may
be mediated by intracellular magnesium ions and
polyamines interfering with the flow of potassium ions
through the channel.” This reduced current persists
until the terminal portion of Phase 3 when I, increases

and exerts influence on cellular repolarization and
action potential duration.?

Another important current within cardiac atria is the
muscarinic receptor activated potassium current, IKACh,
which mediates the flow of potassium ions across the
membrane in response to a vagal stimulus.? The cardiac
muscarinic receptor, M2, is a G protein-coupled receptor
that, upon binding of a cholinergic agonist (acetylcho-
line), permits the G, subunit to dissociate and subse-
quently bind and activate I , ., .”’ The constituents of 7,
include Kir3.1 and Kir3.4 encoded by KCNJ3 and
KCNJ5, respectively.® I , ., similar to I, is considered
to be exclusive to the atria, although mRNA of both sub-
units has been detected in the ventricles.”” Activation of
I ., While the cell is depolarized results in a further efflux
of potassium ions, which has the potential to shorten the
action potential duration and, as will be discussed in sub-
sequent sections, may influence the development of AF.*

Two major concepts that can be derived from
knowledge of the cardiac action potential and its asso-
ciated currents include the electrical properties of con-
duction velocity and refractory period. Conduction
velocity reflects the velocity at which an electrical
impulse is transmitted through myocardial tissue.'*
Two of the major determinants of conduction velocity
include sodium channels and gap junctions. As dis-
cussed above, the kinetics of the Navl.S channel allow
for rapid conduction within the heart.” Gap junctions
represent intercellular pores that allow electrical cur-
rent to flow between cells.?' It is this intercellular cou-
pling, along with the rapid conduction along the cell
membrane mediated by Na 1.5 that results in coordi-
nated activity between individual cells of the heart and
an ensuing functional electrical syncitium.

The second concept involves the refractory period
and refers to the length of time following excitation
that a cell requires before it can be re-excited.” An
electrical impulse that encounters refractory tissue dies
out. The length of the refractory period is dependent
upon the rate at which a cell is able to repolarize to a
potential compatible with re-excitation and therefore
phase 3 of the action potential plays a critical role. The
mediators of phase 3, namely, the potassium channels,
are therefore important contributors to the refractory
period of the cell. Inhibition of potassium channels, as
achieved with potassium channel blockers, results in a
prolonged repolarization time manifested on the elec-
trocardiogram as a prolonged QT interval in the case
of ventricular repolarization.
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Heterogeneity of refractory periods and conduction
velocities within the heart, also referred to as disper-
sion, results in a substrate that is capable of sustaining
reentry.’>¥ Reentrant circuits represent a major mech-
anism for tachyarrhythmias and are particularly impor-
tant in the pathophysiology of AF, as will be discussed.
Dispersion arises secondary to heterogeneous distribu-
tions of ion channels within the heart and occurs in
normal individuals due to the different current magni-
tudes intrinsic to specific cardiac layers such as the
endocardium and epicardium.* However, the degree
of dispersion can be exacerbated from birth secondary
to genetic variations altering the function of key pro-
tein mediators, or can occur over time as a result of
asymmetric cardiac electrical and structural remodel-
ing processes. An example of dispersion on the 12-lead
ECG is that of QT dispersion reflecting regional het-
erogeneity of ventricular repolarization.

An understanding of these concepts is necessary in
order to properly address the pathophysiology of AF
and its associated molecular genetics.

13.4 Pathophysiology

AF reflects disorganized and chaotic activity of the atria
with impulses firing at a rate of approximately 400-600
times per minute. The mechanisms underlying the devel-
opment and maintenance of AF remain incompletely
understood and there continues to be a variety of com-
peting theories.* The dominant conceptual model of AF
over the past 50 years, the multiple wavelet hypothesis,
is derived from the work of Gordon Moe and involves
multiple circuit reentry excitation.* In this model, which

Fig. 13.2 Micro reentrant circuits in atrial fibrillation. (a) A cir-
culating wavelet, whose wavelength is equivalent to its path-
length, exhibiting circus activity. (b) An increase in the refractory
period of the micro reentrant circuit has resulted in a wavelength
that exceeds the pathlength. The depolarizing current encounters

has been confirmed by high resolution electrical map-
ping during AF, irregular atrial activity arises from mul-
tiple self-perpetuating micro-reentrant circuits that
exhibit spatial and temporal variability.”’** The second
model implicates rapidly discharging atrial ectopic foci,
a concept that has been strengthened following the rec-
ognition that ectopic beats originating from pulmonary
veins frequently initiate AF.*-*! This had led to the use
of radiofrequency catheter ablation techniques, in which
the pulmonary veins are electrically isolated from the
surrounding atria, in order to treat AF.*

The multiple wavelet hypothesis suggests that
increasing numbers of reentrant wavelets within the
atria favor the maintenance of AF. A wavelet is a small
wave of depolarizing current that may circle back upon
itself to form a micro-reentrant circuit. In order to appre-
ciate the conditions governing the number of wavelets
that can be established, it is important to have an under-
standing of the wavelength of reentry concept. The
wavelength of a circulating electrical impulse is defined
as the distance traveled within one refractory period and
can be calculated as the product of conduction velocity
and refractory period.* In contrast, the pathlength rep-
resents the distance traveled by an electrical impulse
during one complete circuit. As denoted in Fig. 13.2b, a
wavelength that is greater in size than its pathlength will
result in the circulating impulse encountering refractory
tissue and the circuit will be terminated.** However, a
pathlength traveled, that is greater in size than the circu-
lating wavelength, will introduce an excitable gap that
will permit ensuing circus movement allowing the reen-
trant circuit to perpetuate (Fig. 13.2¢).* In accordance
with the leading circle hypothesis, a circulating wavelet
automatically establishes itself within a pathlength
equivalent to its wavelength (Fig. 13.2a).* On this basis,

Refractory tissue

/ c

Excitable gap

refractory tissue and the circuit is terminated. (¢) A reduction in
the refractory period of the circulating wavelet from A generates
a wavelength that is shorter than the corresponding pathlength
resulting in the introduction of an excitable gap (Adapted from
Ref.35)
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coupled with wavelength being the product of conduc-
tion velocity and refractory period, the number of wave-
lets that can be supported by atria of a given size is
inversely proportional to both conduction velocity and
refractory period.

The notion of an increased number of wavelets
promoting the maintenance of AF is supported by
increased atrial size serving as a risk factor for the
arrhythmia.*® In a similar fashion, an increase in cir-
culating wavelets through a reduction in refractory
period and an ensuing reduction in wavelength theo-
retically promotes the maintenance of AF. The theory
that a shorter wavelength, through a reduced refrac-
tory period, predisposes to AF serves as the rationale
for using potassium channel blockers to terminate AF.
Potassium channel blockers prolong atrial repolariza-
tion and result in an increased refractory period
thereby reducing the potential number of circulating
wavelets that can be supported by atria of a given size.
Of note, the use of sodium channel blockers in AF is
not supported by the wavelength of reentry concept.
These medications decrease conduction velocity and,
given the associated reduction in wavelength, would
increase the number of circulating atrial wavelets.
Their efficacy provides support for mechanistic het-
erogeneity within AF, a concept that will become evi-
dent as the genetic heterogeneity of the arrhythmia is
further explored. Sodium channel blockers may be
effective in treating a form of AF characterized
by focal firing, a concept that will be addressed in the
discussion surrounding gain-of-function sodium
channel mutations.

The aforementioned atrial electrical properties,
conduction velocity, and refractory period, are often
viewed as contributing to the substrate for arrhyth-
mogenesis. The development of a reentry circuit is
dependent upon both substrate and trigger, examples
being an early afterdepolarization or enhanced auto-
maticity resulting in a premature beat. It is important
to note that the physiology responsible for both trig-
ger and substrate are not static but dynamic second-
ary to modulation by the autonomic nervous system.
As such, the autonomic nervous system has been rec-
ognized as a critical component of arrhythmogenesis.
In the setting of lone AF, the sentinel observations of
the eminent electrophysiologist Phillipe Coumel
implicated the parasympathetic nervous system as
the major culprit.*® He noted that the arrhythmia
tended to be triggered during periods of high vagal

tone such as sleep and postprandially. The mecha-
nism through which the parasympathetic nervous
system mediates lone AF appears to be in part depen-
dent upon /I, ,.** As previously discussed, activation
of I, , when the cell is depolarized triggers an efflux
of potassium ions shortening the atrial action poten-
tial duration and the corresponding refractory period.
The heterogeneous vagal innervation of the atria has
the potential to result in regional variation of
refractory periods.* The resultant dispersion in cel-
lular refractoriness throughout the atria has the
potential to serve as an ideal substrate for reentry and
arrhythmogenesis.

As evidenced by this discussion, there are multiple
variables within atrial electrical physiology that can
help contribute to the development of AF. The
pathophysiological heterogeneity of this disorder is
further supported by the varied genetics that charac-
terize the condition. Effective treatment is likely
dependent upon targeted therapy that addresses the
specific aberrant pathway, which triggers the arrhyth-
mia development in an individual. As a result, a
detailed understanding of the molecular mechanisms
underlying AF is warranted.

13.5 Molecular Genetics

A genetic contribution to AF was supported by infor-
mal observations of familial clustering of the arrhyth-
mia and previous reports of an inheritance pattern
consistent with autosomal dominant transmission.®
However, the first form of definitive evidence did not
come until 1997 when a genetic locus was found to
segregate with the arrhythmia in a Spanish family
that suffered from an autosomal dominant form of
lone AF.*” Linkage analysis localized the culprit locus
to the long arm of chromosome 10 (10q22-24).
Despite isolation of the locus to a relatively small
genomic region, a culprit gene could not be identi-
fied. Candidate genes in that region included the
B-adrenergic receptor (ADRBI), the a-adrenergic
receptor (ADRA?2), and a G-protein-coupled receptor
kinase (GPRK)5). Sequencing of these genes, how-
ever, did not reveal a mutation that segregated with
disease. Over 10 years later, the culprit gene within
this locus remains unknown.
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13.6 Potassium Channels:
Gain-Of-Function Mutations

13.6.1 KCNQ1

The first causative gene for familial AF was not found
until 6 years following identification of the 10q22-24
locus. The discovery came from the study of a four
generation Chinese family that also exhibited an auto-
somal dominant pattern of inheritance for lone AF.#
Linkage analysis mapped the culprit locus to the short
arm of chromosome 11 (11pl5.5), a region distinct
from that found in the Spanish family. This on its own
was a significant finding given that it demonstrated
that AF was a genetically heterogeneous disorder that
could be caused by more than one gene, a finding cor-
roborated by a separate group in the same year.'”
Review of the genetic contents of the 11p15.5 region
found that it contained the KCNQ! gene whose protein
product encodes the pore forming o-subunit of 7,
(KCNQI1/KCNEI). Loss-of-function mutations within
KCNQI had been previously implicated with congeni-
tal Long QT Syndrome type 1 and therefore its previ-
ous association with arrhythmia made it an ideal
candidate gene.* Sequencing of KCNQI found a
Ser140Gly mutation that was present in all affected
family members and absent from all but one of the
unaffected members. The finding that the Ser140Gly
mutation appeared to segregate with disease was

Gailn-of-Function
Potasslum Channel
Mutation

Increased Phase
3 Activity

Phase 1

Fig. 13.3 The effect of potassium channel gene mutations on
atrial action potential duration. A gain-of-function mutation in a
voltage-gated potassium channel increases the efflux of potas-
sium ions during Phase 3 resulting in a shortening of the action

further strengthened by its absence in 188 healthy con-
trol individuals coupled with it being a highly con-
served residue across different species.

Following identification of the putative culprit muta-
tion, functional studies were undertaken in an effort to
elucidate the mechanism through which it resulted in a
phenotype of AF. Coexpression of mutant KCNQ1 with
KCNE] in COS-7 cells resulted in a markedly increased
current density relative to the wild-type gene at all volt-
ages, consistent with a gain-of-function mutation.
Given that KCNQ|1 contributes to the slow component
of the delayed rectifier potassium current (/) and is
responsible for repolarization of cardiomyocytes, a
gain-of-function mutation could result in more rapid
repolarization and reduce the effective refractory period
of cells (Fig. 13.3). As discussed previously, this would
create a substrate ideal for multiple circuit reentry and
promote maintenance of the arrhythmia in a manner
consistent with the multiple wavelet hypothesis. This
notion is supported by the observation that up to 30% of
patients with short QT syndrome, a condition character-
ized by enhanced ventricular repolarization and malig-
nant ventricular arrhythmias, suffer from AF.%

Although this theory fits nicely, it is worth noting
that nine of the 16 patients with the Ser140Gly muta-
tion were actually found to have a prolonged QT inter-
val on 12-lead electrocardiography. A prolonged QT
interval, being consistent with a slower rate of repolar-
ization within the ventricles, is in contrast with the
in vitro functional data. It is conceivable that the

Loss-of-Function
Potassium Channel
Mutation

) Phase 1
[

Phase 0

Phase 3 Reduced
Phase 3

Activity

potential duration. Conversely, the decrease in Phase 3 current
secondary to a loss-of-function mutation in a voltage-gated
potassium channel causes prolongation of the atrial action
potential
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mutation may have different effects on the atria and
ventricles as a result of the different electrical and
structural properties of these chambers. This theory
was recently hypothesized by Lundby, et al. who
identified a GInl47Arg KCNQ]! substitution in a
patient with lone AF and a prolonged QT interval.’!
When mutant KCNQI was coexpressed with KCNE]
in Xenopus laevis oocytes, a loss-of-function was
observed; however, coexpression with KCNE? resulted
in a gain-of-function. Although these findings are
intriguing, it is difficult to arrive at firm conclusions as
the relative distributions of KCNEI and KCNE?2 within
the atria and ventricles are largely unknown.’' An
alternative explanation for the seemingly discordant
in vitro and electrocardiographic findings may be sec-
ondary to single cell in vitro studies not accurately
recapitulating the complex physiology of the heart. It
is conceivable that the Ser140Gly substitution within
KCNQI actually results in a prolonged action potential
duration and effective refractory period within the atria
of the intact heart. This could result in AF through an
alternative mechanism, which will be further addressed
when the KCNA)5 gene is discussed.

13.6.2 KCNE2 and KCNJ2

The discovery that a mutation within a potassium
channel gene caused an autosomal dominant form of
AF alluded to the possibility that other potassium
channel genes may contribute to the arrhythmia.
Given that linkage analysis studies are frequently
limited by small pedigree size, subsequent studies
employed a candidate gene approach in which multi-
ple potassium channel genes were screened for muta-
tions in families with AF. This approach led to the
identification of two additional potassium channel
genes, namely KCNE2 and KCNJ2, as being causal
for familial forms of lone AF in two separate studies
performed by the same group. A mutation within
KCNE2, commonly known to encode the 3-subunit of
I, was discovered following screening of 28 unre-
lated Chinese kindreds with familial AF for muta-
tions within eight different potassium channels genes
(KCNQ1, KCNH2, KCNEI-5, and KCNJ2).>* Two of
the 28 probands were found to carry an Arg27Cys

mutation that was subsequently found in affected
members of the two kindreds and was absent in 462
healthy controls. It is important to note that each fam-
ily only had two affected members, while multiple
unaffected members carried the Arg27Cys mutation.
This may potentially be accounted for by the muta-
tion carrying a low degree of penetrance and neces-
sitating additional genetic and environmental factors
in order for the phenotype of AF to be expressed.
Additionally, although KCNE?2 is generally consid-
ered to serve as the B-subunit of /_, coexpression of
Arg27Cys KCNE2 with KCNH2 did not result in a
change in current relative to wild-type. However,
there was an increase in current noted when it was
coexpressed with KCNQI. Previous work with COS
cells has demonstrated that the protein products of
KCNE2 and KCNQI are capable of interacting to
generate a background current that is not voltage
dependent.> It is conceivable that the mutant KCNE2
may predispose to AF through a background current
that may affect cellular repolarization.

KCNJ2 was identified using a similar approach in
which 30 Chinese AF kindreds were screened for
mutations in ten ion channel or transporter-related
genes (KCNQI, KCNH2, SCN5A, ANK-B, KCNJ2,
and KCNEI-5)* KCNJ2 encodes Kir2.1, which is
responsible for the cardiac inward rectifier potassium
current /. As discussed, this channel mediates a back-
ground potassium current that contributes to the rest-
ing membrane potential of the cell and influences
cellular excitability and repolarization within the heart.
It is also the causative gene for congenital long QT
syndrome Type 7, also referred to as Andersen—Tawil
Syndrome.* The proband and the other four affected
family members were all found to carry a Val93lIle
mutation within KCNJ2, a mutation not found in 420
healthy individuals. In this instance, two unaffected
family members were found to carry the mutation;
however, their unaffected status may have been sec-
ondary to their relatively young ages (33 and 42 years
old). Functional analysis of the mutant protein revealed
increased current density at potentials ranging from
—140 to =80 mV and from —60 to —40 mV consistent
with a gain-of-function effect. The putative predispos-
ing mechanism of Val93Ile KCNJ2 for AF involves
enhanced repolarization and a reduction in refractory
period, as hypothesized with KCNQ1.
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13.7 Potassium Channels:
Loss-of-Function Mutations

13.7.1 KCNA5

Up until this point, all of the potassium channel genes
implicated in the development of lone AF had been
shown to exhibit gain-of-function effects on in vitro
functional analysis. As discussed, the purported mech-
anism involved a reduction in effective refractory
period and reentrant wavelength, which in accordance
with the multiple wavelet hypothesis would promote
and maintain AF. However, was it conceivable that a
loss-of-function effect in a potassium channel could
result in AF?

Using the candidate gene approach, 154 patients
with lone AF were screened for mutations within the
KCNAS gene, encoding the atrial specific voltage-gated
potassium channel K 1.5 responsible for 7, .*° A unique
sequence variant was identified in a patient with a fam-
ily history of the arrhythmia. The patient carried a non-
sense mutation (E375X) that resulted in the production
of a truncated protein that lacked the S4-S6 voltage
sensor, the pore region, and the C-terminus. Because of
a lack of available DNA, stringent genetic support for
the mutation segregating with the arrhythmia was not
possible. Subsequent functional studies revealed that
expression of mutant E375X KCNAS within HEK293
cells failed to generate current. This was consistent
with a loss-of-function effect, and not unexpected given
the drastic effect of the nonsense mutation on the
mature protein. In addition, when coexpressed with
wild-type KCNAS, cells exhibited a significant reduc-
tion in current density compatible with a dominant
negative effect, which accounted for the autosomal
dominant pattern of inheritance in the setting of a loss-
of-function mutation.

Given that loss-of-function within a voltage-gated
potassium channel involved in repolarization presum-
ably results in a prolonged refractory period, the mech-
anismthrough which mutant E375X KCNA5 predisposes
to AF would have to be different from the previously
described gain-of-function potassium channel muta-
tions (Fig. 13.3). In vitro studies using human atrial
myocytes and in vivo studies with a murine model
found that administration of 4-aminopyridine, a known
blocker of I, , dramatically increased the incidence of

Kur’

early afterdepolarizations. The authors hypothesized

that increased early afterdepolarizations, in combina-
tion with a prolonged atrial action potential duration,
could result in disorganized atrial activity akin to that
seen in torsade de pointes within the ventricles. Early
afterdepolarizations serving as a trigger for AF had pre-
viously been suggested in an animal model whereby
injection of cesium chloride, a potassium channel
blocker, into the sinus node artery of dogs resulted in a
polymorphic atrial tachycardia that subsequently
degenerated into AF, leading the investigators to coin
the term “atrial torsade.”’

It is important to note that the mechanisms underly-
ing a form of AF caused by a gain-of-function voltage-
gated potassium channel are dramatically different,
and essentially opposing to a form of the arrhythmia
driven by a loss-of-function in a similar channel. The
distinct triggers and substrates in these phenotypically
identical forms of the arrhythmia serve to emphasize
the marked heterogeneity that likely underlies the
pathophysiology of AF and provides insight into the
variable efficacies of many therapies.

13.8 A Potassium Channel Variant
and “Secondary Hit” Hypothesis

Although genetics play an important role in the devel-
opment of AF, the critical role of the environment is
emphasized by the notion that the arrhythmia rarely
develops in childhood and becomes increasingly com-
mon with advancing age. The interaction of genetics
with environmental influences was eloquently illus-
trated in a family with autosomal dominant AF who
also suffered from a high incidence of hypertension.*®
Mutation screening in four genes (KCNQ1, KCNEI-3)
identified a novel missense mutation within KCNQI,
namely Argl4Cys. Analysis of the family pedigree
suggested that the mutation segregated with the arrhyth-
mia, while it was absent in 100 control patients. The
interesting findings came following in vitro functional
studies in which the mutant Argl4Cys KCNQI was
coexpressed with KCNE!I in CHO cells. The mutant
potassium channel initially behaved identically to wild-
type; however, following treatment with a hypotonic
solution to simulate the cell swelling and stretching
consistent with the atrial milieu in a hypertensive
patient, the mutant channels exhibited a marked increase
in current and a leftward shift in the voltage-dependence
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of activation consistent with a gain-of-function effect.
Wild-type channel properties were unaffected by expo-
sure to the hypotonic media. The authors hypothesized
that the inherited ion channel defect represented the
“first hit,” however, a “second hit” mediated by envi-
ronmental factors such as hypertension was necessary
for development of the arrhythmia. This phenomenon
would help to account for the increasing prevalence of
AF with aging.

13.9 Are Potassium Channel
Mutations Common?

Although many of the genes responsible for familial
AF encode potassium channel proteins, an obvious
question is whether potassium channel mutations are a
common cause of AF. Furthermore, most of the genetic
studies discussed involved Chinese kindreds and it was
therefore uncertain if these results were applicable to
other ethnicities. In order to address this question, two
separate studies from the same group screened over
200 patients with lone AF and AF with hypertension
for mutations within potassium channel genes (KCNQ 1,
KCNJ2, and KCNEI-5).% The studies involved pre-
dominantly patients of Western European ancestry.
Although a number of common polymorphisms were
detected, no disease-causing mutations were discov-
ered. It was, therefore, concluded that potassium chan-
nel gene mutations represent a rare cause of AF in
patients of Western European descent.

13.10 Connexins

Gap junctions are specialized channels that directly
connect cytoplasmic compartments of adjacent cells,
allowing for passage of charged ions and coordinated
propagation of cardiac action potentials.’' The molecu-
lar constituents of gap junction channels are connexin
proteins, which oligomerize into hexameric structures
known as connexons or hemichannels (Fig. 13.4).
Adjacent cells each contribute a hemichannel to form a
functional gap junction channel (Fig. 13.4).! There are
multiple different isoforms of connexin proteins; how-
ever, the two most highly expressed isoforms within

Intracellular Intracellular

Gap Junction

lons

Intracellular
Messengers

Connexon or
Hemi-channel

Connexin

Fig. 13.4 Micro circuit reentry, secondary to conduction veloc-
ity heterogeneity. An ectopic impulse within the atria initiates
depolarizing currents in different directions. Depolarizing wave-
front A encounters refractory tissue and terminates. Wavefront B
travels a different course and encounters a region of slow con-
duction velocity. The resultant delay allows time for the refrac-
tory tissue originally encountered by A to repolarize and conduct
allowing a reentry circuit to be established. The region of slow
conduction velocity encountered by B may be secondary to
reduced connexin activity

the heart are connexin 40 and 43.°> Connexin 40 is of
particular interest in AF, since it is expressed in atrial
myocytes and is absent from ventricular cells.®* The
importance of connexins to AF has been well estab-
lished in animal studies. In knockout mice lacking the
connexin 40 gene, atrial tachyarrhythmias could be
induced by burst atrial pacing whereas this was not
possible in wild-type mice.®* A goat model of persis-
tent AF revealed that connexin 40 distribution within
the atria was markedly heterogeneous, a phenomenon
also seen in humans with AF.%% Although the latter
finding does not establish causality, it does suggest that
heterogeneous distribution of connexins within the
heart may form an ideal substrate for AF.

In the light of the atrial specific expression of Cx40,
and the vulnerability of Cx40 knockout mice to AF, our
group subsequently screened a group of 15 patients
with sporadic, lone AF for somatic mutations within
connexin 40 and 43.% Somatic mutations, as opposed to
germ-line, could potentially account for the more com-
mon scenario of nonfamilial AF in otherwise healthy
individuals. DNA was obtained from both peripheral
blood lymphocytes and resected atrial tissue of patients
who had undergone an open-heart pulmonary vein
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isolation procedure. In four of the 15 patients, genetic
mutations within the connexin 40 gene (GJA5) were
identified, while no mutations were found within the
connexin 43 gene (GJAI). Findings consistent with a
tissue-specific or somatic basis of the mutations were
found in three of the four patients, as evidenced by the
mutations being present only in the resected atrial tis-
sue of patients and not in their peripheral blood lym-
phocytes. This finding introduced the paradigm that
this common arrhythmia may occur secondary to tissue
specific mutations in a fashion similar to that seen in
more rare somatic genetic diseases, most commonly
tumor-prone syndromes.®”’” Since myocardial cells do
not divide, somatic mosaicism within the cardiac tissue
must have resulted from a somatic mutation in an early
myocardial progenitor cell during embryogenesis.

All of the mutations occurred within the highly
conserved transmembrane-spanning domains of the
connexin 40 protein. The three somatic mutations
included Gly38Asp, Pro88Ser, and Met163Val, while
the only germ-line mutation was Ala96Ser. Functional
studies of the mutant Cx40 proteins were performed
in a gap junction-deficient cell line, N2A cells. Cells
expressing the Pro88Ser mutation showed a profound
trafficking defect, showing intracellular retention of
the mutant protein. This cell model was consistent
with the finding of immunostaining from the atrial tis-
sue of an affected patient harboring this mutation,
which exhibited a mosaic pattern of abnormal gap
junction formation and intracellular retention of con-
nexin 40. In contrast, cells expressing the Ala96Ser
mutation displayed appropriate trafficking; however,
functional electrical cell-to-cell coupling through
these channels was significantly reduced. Lastly, these
mutant connexins demonstrated a dominant negative
effect on wild-type Cx40, as well as a trans-dominant
negative effect on wild-type Cx43. This latter finding
provides strong support for the concept of hetero-
meric interaction of Cx40 and Cx43 in hemichannel
formation.

Thus, somatic or atrial-specific genetic defects of
Cx40 were associated with sporadic, lone AF, and may
promote an arrhythmic substrate by a loss-of-function
mechanism due to either impaired trafficking or loss of
functional cell-to-cell coupling. The somatic and
mosaic pattern of these mutant connexins further pro-
mote heterogeneous conduction velocity, creating an
ideal substrate for electrical reentry.

13.11 Sodium Channels:
Loss-of-Function Mutations

SCN5A encodes the sodium channel, Na 1.5, responsi-
ble for the rapid depolarization upstroke of the cardiac
action potential. It has been associated with numerous
arrhythmic disorders including the Brugada Syndrome,
congenital long QT syndrome type 3, and sick sinus
syndrome.®*™ Given its obvious importance with the
electrical properties of the heart, multiple groups
employed a candidate gene approach screening patients
with AF for mutations within SCN5A. The first study
involved 157 patients with lone AF; screening did not
identify any novel mutations felt to be causative for
AF.”" The HS558R single nucleotide polymorphism
(SNP), of which approximately one third of the popula-
tion are heterozygous, was also examined in these
patients along with 314 matched controls. The R558
allele, which had previously been shown to alter Na 1.5
function by reducing depolarizing sodium current, was
found to confer an increased risk of developing AF
(odds ratio: 1.6).”"7> However, the sample size in this
study was rather small and the data has yet to be dupli-
cated in larger cohorts.

A second study involving 375 patients with AF
(118 had lone AF while 257 had AF associated with
heart disease) and 360 well-matched controls, identi-
fied eight novel mutations in ten separate AF patients.”
None of the variants were found in controls and all
involved highly conserved residues within Na 1.5. Six
of the patients appeared to represent familial cases and
in each case the variant appeared to segregate with the
disease. Functional studies were not performed and
therefore the mechanism through which these variants
cause AF is unknown. These findings suggest, in con-
trast to the previous study, that mutations within
SCNSA represent a relatively common cause of AF in
patients with and without heart disease.

A third group screened SCN5A in 57 patients with
lone AF or AF with hypertension and a confirmed family
history of the arrhythmia.” A single novel mutation was
found, Asn1986Lys, which was not found in 300 ethni-
cally matched controls. The father of the proband, who
also suffered from AF, was found to be a carrier of the
mutation, while the unaffected mother did not have any
sequence variants within SCN5A. Unfortunately, further
genetic profiling of the family was not possible due to
unwillingness to participate in the study. Expression of
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the mutant gene within Xenopus laevis oocytes suggested
a loss-of-function effect as evidenced by a significant
hyperpolarizing shift in the midpoint of steady-state inac-
tivation. This alteration was predicted to prolong the atrial
action potential duration and, therefore, Asn1986Lys-
SCNSA presumably triggers AF through a manner akin
to the aforementioned atrial torsade. These findings,
which confirmed the association of SCN5A with AF,
however, suggested that it is not a frequent cause of the
condition.

13.12 Sodium Channels:
Gain-of-Function Mutations

Although previous studies had implicated loss-of-
function SCN5A mutations in association with AF,
subsequent work indicated that gain-of-function muta-
tions within SCN5A are also part of the genetic spec-
trum responsible for AF. Prior to these studies, the
only disease related to an SCN5A gain-of-function
effect was long QT syndrome type 3, which is medi-
ated by a persistent late sodium current.*

In a four generation Japanese family with an auto-
somal dominant form of AF, a novel Metl1875Thr
mutation was identified within SCN5A.” The proband
was reported to have increased right atrial excitability
during radiofrequency catheter ablation for AF. All
affected family members were found to carry the muta-
tion, while the mutation was absent in all unaffected
family members and 210 ethnically matched controls.

Functional analysis of Met1875Thr revealed a pro-
nounced depolarizing shift in the midpoint of steady-
state inactivation consistent with a gain-of-function
effect. No persistent sodium current was observed,
consistent with the observation that affected individu-
als had QT intervals within the normal range.

A second study from our group involving a mother
and son with lone AF identified a Lys1493 Arg mutation
involving a highly conserved residue within the DIII-IV
linker located six amino acids downstream from the fast
inactivation motif of sodium channels.” Biophysical
studies demonstrated a significant positive shift in the
voltage-dependence of inactivation and a large ramp cur-
rent near resting membrane potential, consistent with a
gain-of-function. When expressed in HL-1 atrial cardio-
myocytes, enhanced cellular excitability was observed in
the form of spontaneous action potential depolarizations
and a lower threshold for action potential firing as com-
pared to wild-type cells. Collectively, these studies sug-
gest that both gain- and loss-of-function mutations within
SCN5A are associated with AF.

The existing evidence suggests that SCN5A gain-of-
function mutations predispose to AF by enhancing cel-
lular hyperexcitability. The depolarizing shift in
steady-state inactivation increases the probability that
the channel will be in the open conformation and capa-
ble of conducting current.” This alteration in the gating
of the Na,1-5 mediated current will presumably result in
a predisposition for cells to reach threshold potential and
fire, consistent with enhanced automaticity. This increase
in focal discharges has the potential to serve as the trig-
ger for AF (Fig. 13.5). In addition, Na 1.5 channels have

Fig. 13.5 Cellular hyperexcitability triggering atrial fibrillation.
Ectopic foci originating from the pulmonary veins contribute to
the development of a self-perpetuating micro reentrant circuit.

Rapid, heterogeneous conduction from the reentrant circuit to the
surrounding atria results in electrical activity consistent with atrial
fibrillation
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recently been identified in the autonomic ganglia that
surround the pulmonary veins.” Mutations within
SCN5A may therefore result in neuronal hyperexcitabil-
ity that may trigger AF through a parasympathetic path-
way and contribute to the rapidly firing ectopic foci
observed in the region of the pulmonary veins in some
patients with the arrhythmia.

13.13 Atrial Natriuretic Peptide

The most recent gene to be associated with AF does
not implicate an ion channel, but instead involves a cir-
culating hormone, the atrial natriuretic peptide (ANP).
Although known to be important in cardiac physiol-
ogy, ANP had been largely viewed as cardioprotective
in the setting of heart failure.” It was known, however,
to be capable of modulating the electrical activities of
the heart and there were reports of its effects on spe-
cific ion channels.”*' However, little work had been
done on ANP in the context of AF and previous studies
that had examined for a possible relationship had been
negative.®

Linkage analysis of a Caucasian family of northern
European ancestry with autosomal dominant AF
mapped the causative locus to the small arm of chro-
mosome 1 (1p36-35).% Review of the genes within
this region revealed the presence of NPPA, the gene
encoding ANP, and subsequent sequencing revealed a
two base pair deletion in exon 3 that resulted in a
frameshift associated with loss of the stop codon.
Extension of the reading frame results in an elongated
peptide that is 40 amino acids in length relative to the
28 amino acid length of the wild-type. The deletion
was present in all of the affected family members and
absent in unaffected family members and 560 control
patients. Functional studies involving an isolated rat
whole-heart model suggested that the mutant ANP
resulted in a reduced effective refractory period; how-
ever, the mechanism was not entirely clear. ANP medi-
ates its effects on cells through binding to natriuretic
peptide receptors that possess intracellular guanylate
cyclase activity.® Previous work has suggested that
ANP molecules with an elongated C-terminus may be
more resistant to degradation and therefore may circu-
late at higher levels.® Therefore, the authors hypothe-
sized that increased circulating ANP may produce
increased intracellular levels of cGMP that may in

turn, through an unknown mechanism, reduce the
effective refractory period.

13.14 Unknown Loci

Finally, in addition to 10q22-24, there are multiple other
loci that have been identified through linkage analysis in
kindreds with autosomal dominant forms of lone AF.
These loci include 6q14—16, 10p11—q21, and 5p15; the
specific causative genes remain unknown,%-%

13.15 Genome Wide
Association Studies

The availability of DNA microarrays containing hun-
dreds of thousands of single nucleotide polymorphisms
(SNPs) has resulted in the opportunity to screen the
entire genome for regions that may confer an increased
risk for disease. This robust mechanism is proving to
be an invaluable tool in unraveling the complex genet-
ics underlying many common diseases including coro-
nary artery disease and AF.

A genome wide association study using a DNA
microarray containing 316,515 SNPs was performed
on 550 patients with AF or flutter in combination with
4,476 control patients from Iceland.® They discovered
a strong association with SNPs on chromosome 4q25,
the most significant being rs2200733 with an odds
ratio of 1.84 (95% confidence intervals: 1.54-2.21).
Replication studies using additional samples from
Iceland (2,251 cases and 13,238 controls), Sweden
(143 cases and 738 controls), the USA (636 cases and
804 controls), and China (333 cases and 2,836 con-
trols) further reinforced the association withrs2200733.
The odds ratio for the combined European population
was 1.72 (95% confidence interval: 1.59-1.86), while
that for the Chinese cohort was 1.42 (95% confidence
interval: 1.16—1.73) The haplotype block correspond-
ing to the associated SNPs does not contain a known
gene and, therefore, the mechanism for this association
is currently unknown. Candidate genes present within
the adjacent haplotype block include PITX2, which
encodes a protein involved in cardiac development,
and ENPEP, whose protein product is involved in
angiotensin Il breakdown.’*’! Research to delineate
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the genetic factors at the 4q25 locus responsible for the
increased risk for the development of AF is ongoing.
Following identification of the 4925 locus, two sub-
sequent genome wide association studies were per-
formed with larger numbers of cases and controls in
order to improve power and identify previously unde-
tected loci associated with AF. Both groups indepen-
dently identified two separate SNPs, rs7193343 and
152106261, which localized to an intronic region within
the ZFHX3 gene on chromosome 16q22.°%% ZFHX3
encodes a transcription factor, AT motif-binding factor
1, whose function in the heart is currently unclear. The
ZFHX3 gene has recently been implicated in a vasculi-
tis involving the coronary arteries (Kawasaki dis-
ease).” The association of 16q22 with AF was not as
strong as for 4q25, with an odds ratio in the range of
1.2 in most European populations. Furthermore, it was
not significantly associated with AF in the Chinese
population.” Lastly, it is important to note that although
the 16q22 SNPs did localize to a gene, it does not nec-
essarily implicate ZFHX3 in the pathogenesis of AF.
These SNPs may appear to associate with AF due to
linkage disequilibrium with the true causal variants in
surrounding regions. As with the 4925 locus, further
work is necessary in order to better appreciate the
apparent relationship between 16q22 and AF.

13.16 Other Gene Associations

13.16.1 ACE

The renin-angiotensin-system, a pathway of impor-
tance in cardiovascular disease, was first implicated
with AF following evidence that it was activated in the
atria of humans and dogs with the arrhythmia.®>%
Multiple studies have since suggested that treatment
with ACE inhibitors may be protective against the
development of AF, and has triggered multicenter ran-
domized controlled trials.””*® The possibility that com-
mon polymorphisms within genes of the RAS pathway
may contribute to AF was examined in a case control
study involving 250 patients with documented nonfa-
milial structural AF and 250 well-matched controls.”
Polymorphisms within the genes for ACE, angio-
tensinogen, and the angiotensin II type 1 receptors
were compared between cases and controls. Single

locus analysis found that SNPs from the angiotensino-
gen gene, namely, M235T, G-6A, and G-217A, were
significantly associated with AF. However, as with any
small study, validation in a much larger cohort is
required prior to reaching any definitive conclusions of
such an association. Further, recent data indicates that
pharmacologic targeting of the renin—angiotensin—
system pathway had no effect on minimizing recur-
rence rates of AF.!%

13.16.2 GNB3, Enos, MMP-2,IL-10

The GNB3 gene encodes the B, subunit of a heterotri-
meric G protein, which, in broad terms, is important in
coordinating the cellular response to extracellular recep-
tor stimulation via signal transduction.”” A C825T
polymorphism within exon 10 of GNB3 results in an
alternative splicing pattern, such that the 825T allele
generates a modified [3,-subunit that is 41 amino acids
shorter and more active than the wild-type form.'®
Previous work in humans had demonstrated that the TT
genotype was associated with an increase in [, but a
decrease in [ .'" This triggered an association study
involving 291 patients with AF and possible structural
heart disease along with 292 controls patients without
the arrhythmia.'™ The prevalence of the GNB3 TT gen-
otype was found to be significantly lower in patients
with AF relative to the control group suggesting that the
TT genotype is protective against the development of
the arrhythmia. Functional studies were not performed.

SNPs within a variety of other genes including
endothelial nitric oxide synthase (eNOS), matrix met-
alloprotease-2 (MMP-2), and interleukin-10 (IL-10)
have also been implicated with the development of
AF.195106 These studies are intriguing; however, similar
to many of the previously described association stud-
ies they are limited by relatively small numbers and a
frequent lack of functional data corroborating the
apparent associations.

13.17 The Autonomic Nervous System

Clinical observations suggest that the autonomic ner-
vous system plays a critical role in the pathogenesis of
AF and this has been supported in different animal
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models. AF can be readily triggered in structurally
normal hearts through exposure to a cholinergic ago-
nist such as carbachol followed by burst pacing. In a
canine model, atrial vagal denervation through radiof-
requency catheter ablation prevented subsequent
induction of the arrhythmia through burst pacing and
vagal stimulation.'” In an effort to investigate the
molecular mechanisms underlying this phenomenon,
knockout mice that lacked Kir3.4 (previously referred
to as GIRK4) were developed.” As discussed previ-
ously, Kir3.1 and Kir3.4 encode the protein products
responsible for [, ., and the absence of either results in
the complete loss of I, , .. Unlike wild-type mice, burst
pacing in the presence of carbachol was unable to
induce AF in the I, deficient knockout mice. This
data serves to implicate I, ., in the pathogenesis of AF
and suggests that blockers of I, may potentially
serve as an effective treatment for the arrhythmia. This
is an especially attractive treatment option given that
I .o like I, appears to be localized predominantly to
the atria.

Although there is relatively robust data supporting
the involvement of the cholinergic system in the patho-
genesis of AF, genetic mutations in genes encoding the
molecular mediators of the cholinergic response in the
heart have not been reported.

13.18 Clinical Aspects — Genetic
Diagnosis and Targeted Therapy

The contribution of genetics to AF has only recently
begun to be appreciated and has not yet been incorpo-
rated into routine clinical practice. At the present time,
two unresolved issues preclude the routine use of clini-
cal genetic testing for AF cases. First, although a num-
ber of genetic etiologies have now been identified,
each currently known gene accounts for a very small
percentage of cases. Secondly, specific types of AF
(vagal, postoperative, for example) do not reliably pre-
dict genotype, and thus phenotype—genotype correla-
tions are not yet apparent. The goal of further research
is to identify more common genetic etiologies of AF,
and to establish phenotype—genotype correlations,
with the ultimate achievement of targeted therapy
based on established genotype.

The current status of clinical genetics in AF is in
contrast to other known inherited arrhythmia diseases,

such as long QT syndrome and Brugada Syndrome. In
these conditions, common genetic causes are known,
and the yield of clinical genetic testing in excess of
50% and 20%, respectively. The use of genetic testing
in these scenarios is most useful for screening of
asymptomatic, phenotype negative family members.
In families where a preponderance of AF exists, clini-
cal screening for AF in symptomatic individuals
remains the only practical tool available. Routine clini-
cal screening for asymptomatic individuals is not war-
ranted beyond annual routine primary care physical
examinations.

A detailed understanding of the genetics contribut-
ing to the pathophysiology of AF will likely allow for
the development of a pharmacogenomic strategy that
improves treatment efficacy and reduces adverse
events. AF is a heterogeneous disorder from the per-
spective of both genetics and pathophysiology. In one
instance, it may arise secondary to a gain-of-function
effect within a potassium channel, whereas in another
case, it may result from a loss-of-function effect in the
same channel. Although phenotypically they may be
indistinguishable on electrocardiography, the most
efficacious treatment choice is likely to be markedly
different in the light of differing electrophysiologic
triggers. Given their identical phenotype, genetic char-
acterization will likely be necessary in order to iden-
tify the particular AF subtype. In the first example
given above, the arrhythmia has likely developed sec-
ondary to a shortened atrial refractory period, which
has resulted in an ideal substrate for multiple reentrant
wavelets within the atria. Effective treatment with a
potassium channel blocker that restores the atrial effec-
tive refractory period to its normal length, thereby dis-
rupting the reentrant wavelets, may be the optimal
agent to restore and maintain sinus rhythm. However,
the same treatment in the second case would likely
exacerbate the arrhythmia, given that it is secondary to
a prolonged atrial refractory period, which may have
resulted in “atrial torsade.” The genetic and pathophys-
iologic heterogeneity underlying the arrhythmia is
likely responsible for the variable treatment response
observed in cases of lone AF.

In addition to the above example with potassium
channel mutations, a similar approach can be extended
to the other genes that have been implicated in AF. For
example, forms of AF that develop secondary to cel-
lular hyperexcitability as a result of gain-of-function
mutations within sodium channels may benefit from
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sodium channel blockers. In the context of an AF
subtype characterized by conduction velocity hetero-
geneity that arose secondary to a loss-of-function
connexin mutation, such a patient may benefit from a
form of therapy that keeps gap junctions in their open
state. Although not currently available, there are
emerging gap junction pharmacophores that may
serves this purpose.'® Targeted therapy, consistent
with a pharmacogenomic approach, should be a goal
that is strived for in the coming years. Along with
being more efficacious, this strategy should also
reduce the unwanted proarrhythmic effects seen with
antiarrhythmic drugs.

13.19 Summary

An understanding of the genetic factors that lead to the
development of AF holds great promise for the devel-
opment of effective therapies against this exceedingly
common arrhythmia. The ability to identify the spe-
cific electrophysiologic mechanisms, on the basis of
genetic discovery, should lead to more effective forms
of targeted therapy that carry minimal risk. This era of
pharmacogenomics has yet to arrive for AF, however it
is slowly becoming within reach.
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14.1 Introduction

Cardiac arrest (CA) mostly follows from cardiac dis-
orders that elicit lethal ventricular tachyarrhythmias,
primarily ventricular fibrillation (VF)."* The predomi-
nant cause of VF in the general population is consid-
ered to be previously silent coronary artery disease
resulting in myocardial infarction with VF and CA as
its first symptoms.* However, there are many other car-
diac as well as non-cardiac causes that can result in
VEF, such as intracranial haemorrhage, pulmonary
embolism, myocarditis, cardiomyopathies, valvular
heart disease, congenital cardiac anomalies and acces-
sory pathways.*® Despite the advances in our medical
emergency systems, only 2-30% of patients survive
VE.!! The remaining suffer a sudden (cardiac) death
(SD/SCD).

In approximately 5% of CAs at all ages, there is no
explanation for the event, not even after extensive eval-
uation (Fig. 14.1)."” Within this group, several catego-
ries can be distinguished based on the initial rhythm
and whether or not the patient survived the event. In
case of unexplained aborted CA with documented VF,
idiopathic VF (IVF) is the terminology that best
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acknowledges our current inability to identify a plau-
sible cause for the occurrence of VF in these patients
who were previously considered healthy.!? In cases of
unexplained aborted CA with another initial rhythm or
unexplained SD, unexplained cardiac arrest or sudden
unexplained death are the terms most commonly used.
It is important to recognise that the diagnostic workup
for these patients and/or their family members is simi-
lar and aimed at diagnosing or excluding specific
causes of VF and CA.

As the total burden of CA and SD is enormous, the
burden of IVF is considerable. In the United States,
the estimated incidence of SD is 180,000 to 250,000
cases per year, which results in an estimated inci-
dence of IVF of up to 9,000 or 12,500 cases per
year.!:> 1314 Although IVF constitutes a minority in
aborted CA and SD, it is an intriguing and notori-
ously difficult condition that still affects many. Its
cause is unknown, there are no clinical signs that
identify individuals at risk and its first symptom may
be CA. Besides the possibility of recurrent VF epi-
sodes in those individuals who survived IVF, it is
clear that there are several hereditary forms of IVF.
The latter implies that whole families may be predis-
posed to IVF and SCD.° As coronary artery disease
becomes more prevalent with increasing age, it is
comprehensible that the majority of IVF will occur in
young patients, i.e. in those less than 40-45 years
old.’ Further, many cases that have been described as
IVF over the last decades can now be categorised into
distinct clinical entities. As a result, the contribution
of IVF to CA has declined.

Clinical decision making in these patients and/or in
their families is seriously hampered by the absence of
risk markers for the onset of VF, also after extensive
evaluation. Clinical decision making is further compli-
cated by the lack of treatment options in order to make
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Fig. 14.1 Diagnostic flow
chart in cardiac arrest based
on the initial rhythm a,nd Ventricular fibrillation
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(IVF)

VF in (yet) asymptomatic family members less likely
to occur.'>! In the current era of implantable cardio-
verter defibrillators (ICDs), survivors of a CA due to
IVF will often be pragmatically treated with an ICD.
This device can restore normal cardiac rhythm in case
of recurrent ventricular arrhythmias, but is not without
complications and does not prevent VF recurrence."”

14.2 Clinical Diagnosis

The difficulties associated with the diagnosis of IVF
may be classified into two components: (1) IVF is a
diagnosis per exclusionem, and (2) the paucity of IVF
survivors. Diagnoses per exclusionem are hard to estab-
lish with our current diagnostic tools, and even more so
if the patient did not survive the event. The diagnosis
IVF is made in those who survived VF (Fig. 14.1). In
patients with other initial rhythms or in patients who
did not survive the event, when further evaluations of
the patients or first-degree relatives do not result in a
diagnosis, we diagnose unexplained cardiac arrest
(UCA) or sudden unexplained death (SUD).

In the survivors of CA, the first effort in establishing
a diagnosis is of course a detailed documentation of
the event, medical history, family history, physical
examination and blood chemistry.'” The second effort
is non-invasive cardiological evaluation, including
resting ECG, exercise ECG and an echocardiogram.
Registration of arrhythmias can be extremely helpful,
if not the key to a diagnosis. If a diagnosis is still not
(fully) established, additional evaluations should be
performed, which include Holter-monitoring, coronary
angiography (consider intra-coronary ergonovine or
equivalents for evaluation of coronary spasm), toxicol-
ogy screening, cardiac biopsies, cardiac magnetic res-
onance imaging, and drug provocation testing with

(UCA) (SUD)

sodium channel blockers (using, for example, ajmaline
or flecainide'®!”) and adrenaline.”® Clearly, there is no
established chronological order in which these evalua-
tions should be performed, for example, coronary
angiography will often be one of the first diagnostic
(and possibly therapeutic) investigations in the workup
of a resuscitated patient.

In case of SD, cardiac and genetic examination of
first-degree relatives is recommended when autopsy
did not reveal a cause of death or was not performed.
The first step in this approach is to collect detailed
information on the event and on the medical history of
the SD victim and his or her first-degree relatives. A
resting ECG in the relatives is made and if autopsy was
performed, the autopsy report is reviewed. Ideally, the
autopsy should have been performed according to the
histopathological guideline that Basso et al. estab-
lished for post-mortem evaluation of SD victims.”!
Subsequently, depending on the information available,
further steps can be taken. These may consist of revi-
sion of cardiac autopsy by a specialised pathologist
and/or further cardiac examinations in the attending
relatives (Fig. 14.2). Tan et al.> and Behr et al.>**
established the contributions of these modalities in
relatives of the SD victim. In these studies, it appeared
that the rest and exercise ECGs were most valuable for
establishing a diagnosis.

Despite the per exclusionem character of the IVF
diagnosis, Haissaguerre et al. recently recognised a
clinical sign that was positively associated with IVF:
the electrocardiographic finding of “early repolariza-
tion” was found in a third of IVF victims as opposed to
5% in a control population.” Furthermore, those IVF
victims with early repolarization had more recurrent
episodes of VF than IVF victims without early repolar-
ization. However, as early repolarization is indeed a
rather common electrocardiographic finding (present
in about 1-5% of the population®*?’), it cannot be used
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first-degree relative of SD victim < 50 years with no
cardia history, and negative or no postmortem analysis*

information on circumstances of SD, medical history of LQTS
SD victim and relative and family history Brs**
I
[ [ [ ]
premature BrS suspected -
atherosclerosis (non type 1 ECG) ARVD/C suspected other or no suspicion

exercise testingt
echocardiography
serum lipid analysis

pharmacologic
challenget
cardiac imaging

exercise testing
echocardiography
Holter monitoring T
cardiac MRI
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echocardiography
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DCM
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Fig. 14.2 Algorithm for cardiological and genetic examination in
relatives of SD victims. *Including revision of autopsy by cardiac
pathologists, if possible; +Consider adrenaline provocation; £Class
I drugs (ajmaline, flecainide or pilsicainide; preferably not pro-
cainamide); §Advice to monitor traditional cardiovascular risk
factors (e.g. hypertension, diabetes mellitus, hypercholester-
olemia, overweight); ||Advice repetition of cardiological examina-
tion in 3-5 years; #When not performed yet, consider examinations

as a risk marker in patients who are not suspected of an
increased risk of CA. Further, its value in patients sus-
pected of a CA risk still needs further study.

14.3 Historical Diagnoses

Medicine has dealt with many cases of unexplained
CA in the past centuries. An informative and early case
of familial SUD was, for example, composed by the
German physician Meissner in 1856.%® He described a
young girl living in an institute for deaf children, who
had stolen something from one of her peers. When the
offence was discovered, she was summoned to explain
her action, but the moment she arrived in front of the
director, she sank to the floor and died. Meissner could
not explain this acute and premature death. He did not

molecular genetic testing

in one or more of the other pathways; SD indicates sudden death,
LQOTS long QT syndrome, BrS Brugada syndrome, SQT'S short QT
syndrome, ARVD/C arrhythmogenic right ventricular dysplasia/
cardiomyopathy, FH familial hypercholesterolemia, CPVT cate-
cholaminergic polymorphic ventricular tachycardia, HCM hyper-
trophic cardiomyopathy; DCM dilated cardiomyopathy, RCM
restrictive cardiomyopathy, CM cardiomyopathy. Please note that
this algorithm is not exhaustive

entirely exclude a punishment from God, but he con-
sidered sudden cardiac failure, possibly with some
form of preexisting cardiac pathology to be more likely.
This notwithstanding, he had to inform the parents of
the girl about the tragedy. Unexpectedly, the SUD of
their daughter did not surprise the parents. They had
already lost two of their children in similar conditions:
one, immediately following a vigorous fright and the
other, following a fit of intense anger.

At present, many SUD cases, like the one described
by Meissner, can be clarified with our immensely
increased knowledge and diagnostic repertoire over the
past decades. It is tempting to speculate that Meissner’s
case is one of the earliest descriptions of Jervell Lange-
Nielsen syndrome (autosomal recessive form of Long-QT
syndrome with deafness). However, it may be that even
at present we would not be able to explain these SUDs
and would be obliged to diagnose familial SUD.



232

P.G. Postema et al.

During the course of the twentieth century, many
more UCA/SUD cases have been published, but now
as distinct clinical diagnostic entities, which could be
recognised and sometimes also effectively treated and/
or explained. Primarily, this development has become
possible with the application of electrocardiography to
study abnormal cardiac behaviour.?*° The progress in
our understanding of CA and cases previously consid-
ered to be IVF, further expanded in the last decades
with the development of cardiac imaging techniques
such as echocardiography,’ electrophysiological and
molecular research and with the elucidation of DNA*
and the human genome.> The evolution of genetics has
enabled a search for genes underpinning the risk for
familial IVF and CA even when phenotypic markers
are lacking or difficult to interpret. The increasing
insights in cardiac pathophysiology and its relation
with ventricular arrhythmias and CA have increased
the contribution of known causes of aborted CA and,
consistently, decreased the contribution of unknown
causes of CA (and thus IVF). The differential diagno-
sis of CA currently includes multiple different pathol-
ogies®*¥ and, as IVF is a diagnosis per exclusionem,
our diagnostic repertoire has increased simultaneously.
In Table 14.1, we describe a limited number of mile-
stone publications in the history of IVF. These publica-
tions cover several (familial) causes of VF and SD that
previously would probably have been considered IVF.
Importantly, this list excludes many causes which may
also have (in part) a familial background, such as coro-
nary artery disease (e.g. familial hypercholesterolemia)

or muscle disorders (e.g. Duchenne’s muscular dystro-
phy), and more clear non-familial causes such as myo-
carditis, cardiomyopathies caused by nutritional
deficiencies or valvular disease. Furthermore, the
authors of most of these publications were not the first
to associate a certain observation with VF or SD;
rather, they were recognised for their collection of sev-
eral cases into a separate clinical entity.

14.4 Genetic Diagnosis

As there are familial forms of IVF (in 5-20% of
cases™*7), there must be underlying genetic defects
that are transmitted through these IVF families. In soli-
tary cases, similar genetic defects or genetic variations
vulnerable to interaction with, for example, drugs can
be expected to be important. The identification of a
genetic defect that predisposes an individual to IVF
may certainly save lives as it offers the unique possi-
bility of assessing the risk status of, and to treat accord-
ingly, pre-symptomatic individuals with a potentially
fatal disease, who do not manifest the disease other-
wise. However, the identification of genetic defects
involved in IVF is very difficult for the same two rea-
sons that complicate its diagnosis. First, unlike the
other arrhythmia syndromes, there is no clinical phe-
notype, except aborted CA or SD, that reveals an indi-
vidual’s risk. For example, in Long-QT syndrome or
Brugada syndrome, the typical ECG characteristics

Table 14.1 Several milestone publications explaining ventricular fibrillation/sudden (cardiac) death (VF/SCD) previously

considered idiopathic

Year Syndrome Authors Diagnosis by:
1951 Long-QT syndrome Jervell and Lange-Nielsen® ECG, exercise-ECG, Holter-monitoring
1958 Hypertrophic cardiomyopathy Teare®’ Post-mortem, echocardiography, ECG,
biopsy
1978 Catecholaminergic polymorphic Coumel et al.*® Exercise-ECG, Holter-monitoring,
ventricular tachycardia adrenaline provocation
1982 Arrhythmogenic right ventricular Marcus et al.* Post-mortem, ECG, echocardiography,
cardiomyopathy/dysplasia MRI, biopsy, Holter-monitoring
1992 Brugada syndrome Brugada et al.” ECG, sodium channel blocker
provocation
2000 Short-QT syndrome Gussak et al.”! ECG
2008 IVF associated with early Haissaguerre et al.” ECG
repolarization
2009 IVF associated with DPP6 Alders et al.*® Genetic analyses
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can be used to classify family members as affected or
unaffected, and this is subsequently used to correlate
with the genetic data. Second, as many IVF patients
die young, this leaves little patients and material avail-
able for analysis.

Recently, two breakthroughs in a genetic diagnosis
of IVF were established. Alders et al. uncovered a hap-
lotype (a combination of alleles transmitted together)
on chromosome 7q36 that harbours the DPP6 gene in
10 distantly related IVF families using a genome-wide
haplotype-sharing analysis.®® That familial IVF can
indeed be an extremely malignant disease was appar-
ent from the poor event-free survival in carriers of this
risk-haplotype: before the age of 58 years, 50% of the
risk-haplotype carriers had died or had been resusci-
tated. From expression analyses in heart biopsies, it
became clear that the risk-haplotype carriers had on
average a 22-fold higher expression of DPP6 than con-
trols. This makes overexpression of DPP6 the likely
pathogenetic mechanism underlying IVF in these fam-
ilies. Furthermore, DPP6 is probably involved in the
transient outward current (/) in the heart, which is
responsible for phase 1 of the cardiac action potential
by the Kv4.2 and Kv4.3 subunits.*” Because the DPP6
gene had previously not been related to CA or IVF, and
at present, all detected families constitute a founder
population, the importance of this gene in other IVF
patients and families still requires further study.
Interestingly, affected patients in the DPP6 families
present with very short-coupled monomorphic extra-
systoles (predominantly from the right ventricular
apex/free wall) initiating VF. This finding suggests
possible overlap with similar descriptions of IVF* and
short-coupled Torsade de pointes.*

A second study into IVF genetics was performed by
Haissaguerre et al. concerning IVF associated with
early repolarization.*' In 157 IVF patients with early
repolarization, mutation analysis was conducted by
direct sequencing of candidate genes for cardiac
arrhythmias. This included genes encoding potassium
channels, their subunits and transcriptional regulators
(KCNQI, KCNEI, KCNH2, KCNE2, KCNJ2, KCNJS,
KCNJ11, ABCC9, KCNJ5, KCNJ3, KCND3, IRX3,
IRXYS), sodium channels (SCN5A, SCNIB), Na+/Ca2+
exchanger (NCX]I), calcium channels (CACNAIC,
CACNB?2), Ca2+-binding proteins (CALR, CASQ?2),
and cytoskeletal proteins interacting with ion channels
(ANK2). In just one patient, a missense mutation in
KCNJ8 encoding the Kir6.1 subunit of the K,

channel was identified. Although the function of the
K, channel and its Kir6.1 subunit is still not fully
elucidated, it could be that the channels act in synergy
with the Kv4.2 and Kv4.3 subunits responsible for / _.*'
Clearly, the importance of KCNJ§8 mutations in IVF
also demands further study, but judging from this
report, the quantitative contribution of KCNJS to IVF
morbidity will be limited. Moreover, it is apparent that
a candidate gene approach, even using a population of
definitely affected patients, has a low yield of muta-
tions, further establishing the current idiopathic nature
of the condition and the difficulties associated with
genetic research in this field.

Earlier, a SCN5a mutation had been associated with
IVF by Akai et al.** However, these patients had (as
expected with loss-of-function SCN5a mutations)
severe conduction disease. Therefore, they did not
meet the strict criteria for IVF used here, as (progres-
sive) conduction disease is already established as an
entity associated with VF.

14.5 Therapy, Follow-up and Prognosis

As mentioned, therapeutic decision making in IVF is
complicated. First, there needs to be a therapeutic
strategy for patients who survived IVF. Second, regard-
less of survival, there needs to be a diagnostic and pre-
ventive strategy for their first-degree relatives.
Unfortunately, risk-stratification in IVF is hardly pos-
sible because of its idiopathic nature. Obviously, it is
extremely important that any cause of VF that would
require specific treatment (such as Long-QT syn-
dromes type-1 and type-2, which are primarily treated
with beta-blockers), is excluded in these patients and
in their families.

In aborted CA patients, a first logical therapeutic
option is an ICD for secondary prevention of SD (res-
toration of normal cardiac rhythm in case of VF recur-
rence, Fig. 14.3) resulting in a near normal life
expectancy. One of the first three ICDs implanted world-
wide was actually implanted in an IVF patient (the two
other implanted patients had recurrent VF after a myo-
cardial infarction and recurrent VF with hypertrophic
cardiomyopathy respectively).” Importantly, an ICD
will not lower the chance of VF recurrence, which is
reported in 25-43% of IVF patients.'>* Further, from
other arrhythmia syndromes, we know that ICDs will
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not always prove to be life saving,*®*” and that compli-
cations as a result of the implantation or the device can
be severe, perhaps even life-threatening.**=! Especially
when primary prevention of SCD with an ICD is con-
sidered, it is noteworthy that complications of ICD
therapy in arrhythmia syndromes such as Long-QT
syndrome, Brugada syndrome, and IVF seem to be
higher than the ICD complication rates in the large pri-
mary and secondary prevention trials of structural
heart disease.”” For example, this becomes apparent
when comparing a study in Brugada syndrome patients
with a study in patients with structural heart disease.*
In an European Brugada syndrome multicenter study
with 38+27 months follow-up and the inclusion of
both primary (92%) and secondary prevention (8%)

ICDs, the potential benefit for the 8% of patients who
received appropriate ICD therapy during follow-up
was accompanied by 20% of patients with inappropri-
ate ICD shocks.® In contrast, in the AVID trial
(Antiarrhythmics Versus Implantable Defibrillators)
with 31+ 14 months follow-up and the inclusion of
patients with structural heart disease for secondary
prevention ICDs, a 12% inappropriate shock rate was
documented against 65% of appropriate therapy.”*>*
Furthermore, as the patients in AVID were, on average,
65-years old and already had structural heart disease,
16% of them died during follow-up.® Patients with
arrhythmia syndromes are much younger, more active,
have no gross structural cardiac abnormalities and
(thus) have a much longer life expectancy than the
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AVID patients. It is easy to see that the exposure time
to ICD complications is thus much longer, inappropri-
ate shocks on supraventricular tachycardias (e.g. dur-
ing exercise) will be more prevalent, lead-systems are
much longer and heavier exposed to physical activity,
and the many ICD replacements will expose these
patients to repeated implantation-related complica-
tions (e.g. infections, bleeding and pneumothorax).

ICD implantation as primary prevention of SD in
family members of IVF victims should therefore not
be a decision taken lightly. First, it should be confirmed
that there is indeed a familial form of IVF present in
these patients. Second, socioeconomic results of ICD
implantation (e.g. difficulties in obtaining mortgages)
and possible psychological effects should be discussed.
Third, the possible beneficial and possible harmful
effects of an ICD on the short and long term should be
carefully weighted. Naturally, it would be extremely
helpful if a form of risk-stratification could be applied,
for example, if age-categories that seem to be at high-
est risk could be determined In the rare occasion that a
genetic cause for IVF can be identified, this can be
used in asymptomatic family members for risk-stratifi-
cation for CA in a disease that does not express
otherwise.*®

Obviously, it would be preferable to lower or eradi-
cate the chance of VF recurrences, rather than treating
them when they arose. This can be potentially achieved
in two ways: (1) erasure of the arrhythmic substrate by
ablation therapy and/or (2) antiarrhythmic drug ther-
apy. Because of the invasive character of option 1, this
will be attempted only in (severely) symptomatic
patients. But when effective, ablation therapy, in par-
ticular, is an elegant and rewarding treatment for
patients who suffer from ICD shock after ICD shock
for repeated VF episodes. Electrocardiographic docu-
mentation of at least one arrhythmia episode (and pref-
erably its start) will be essential for ablation therapy to
be considered. Haissaguerre et al. performed ablations
in 27 IVF patients who had experienced 10+ 12 epi-
sodes of recurrent VF; 24 of these patients (89%) had
no recurrence of VF after 24 +28 months of follow-up,
and 4 of the patients were even primarily treated with
ablation therapy and did not receive an ICD.*® Although
very promising, ablation therapy for IVF (and other
arrhythmia syndromes) is only incidentally performed
in experienced centres and currently lacks long-term
follow-up. Nevertheless, despite possible serious com-
plications, lowering the number of IVF episodes in

addition to ICD therapy will obviously be of great ben-
efit to patients. Cardiac transplantation has incidentally
been used in other arrhythmia syndromes as a last
resort in the treatment of an intolerable high incidence
of recurrent VF,’ and might be of similar value in oth-
erwise uncontrollable IVF patients.

The only antiarrhythmic drug with potential in IVF
is quinidine.”™° Other antiarrhythmic drugs have not
proven to be beneficial,'>* although some promote the
use of beta-blockers anyway.* Already in 1929, Dock
described a patient with recurrent VF without any evi-
dence of heart disease in whom VF recurrences could
be prevented by using quinidine.”” A comparable IVF
case was presented in 1949 by Moe.®! This patient was
recurrence free on quinidine for his remaining 40
years.”” The mechanism of the favourable effect of
quinidine on IVF remains uncertain, but it may be that
its I blocking properties underlie its success in IVF
(and other arrhythmia syndromes) during the past 80
years.” It is therefore injudicious that the large phar-
maceutical companies have ceased or lowered its pro-
duction, making it increasingly difficult to obtain
quinidine supplies.”>%% However, regardless of the
proven value of quinidine in the treatment of several
IVF victims, its value for preventive treatment in as yet
asymptomatic family members in designated IVF fam-
ilies is certainly not clear.

14.6 Conclusions

IVF is a rather rare but notoriously difficult and malig-
nant condition that affects young patients and some-
times a large number of their family members. IVF is
a diagnosis per exclusionem, which necessitates
detailed and thorough assessments of IVF victims and
their first-degree relatives in the search for better-
defined conditions that may require specific treatment.
IVF recurrence is present in 25-43% of IVF patients,
and in some IVF families 50% mortality before the
age of 60 may exist in predisposed individuals.
Stratification of IVF risk or risk of IVF recurrence is
hardly possible, but recently uncovered genetic asso-
ciations with IVF may prove to be of use in the future.
Secondary prevention of SD in IVF may be achieved
with ICDs, ablation therapy and/or quinidine treat-
ment. Primary prevention of SD in relatives is seri-
ously hampered by its idiopathic nature, but may still
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be indicated in selected cases. Importantly, complica-
tion rates from ICD therapy in IVF and other arrhyth-
mia syndromes, involving many young patients, will
be high.
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The Genetics of Mitral Valve Prolapse

Paul L. van Haelst, Toon Oomen, and J. Peter van Tintelen

15.1 Introduction

Mitral valve prolapse (MVP) is one of the most com-
mon forms of valvular heart disease. The clinical pre-
sentation can be very diverse, ranging from an incidental
finding within asymptomatic patients to dramatic cases
with severe mitral regurgitation, heart failure, bacterial
endocarditis, or even sudden cardiac death. Mitral
valve prolapse appears to be one of the most common
Mendelian cardiovascular abnormalities in humans.
This chapter briefly discusses the epidemiologic aspects
of mitral valve prolapse, its pathophysiology, and the
current status of genetic knowledge of this intriguing
valvular disorder.

15.2 Epidemiology and Definitions

Mitral valve prolapse has long been recognized as an
auscultatory phenomenon. It was not until 1966 that
Barlow discovered the reason for the often-heard mid-
systolic click.! Shortly afterwards, the introduction of
echocardiography led to a tsunami of patients diagnosed
with MVP. Due to incorrect echocardiographic defini-
tions and selection bias of studied populations, preva-
lences of up to 35% were reported in the 1970s and
early 1980s.” A redefinition of echocardiographic crite-
ria due to improved knowledge of mitral valve architec-
ture provided a more accurate insight into the extent of
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the problem. Currently, the prevalence of MVP is known
to range from 0.6° to 2.5%" in the general population. It
is equally distributed between men and women, but
patients with MVP tend to have a leaner stature.*

Mitral valve prolapse (MVP) is defined as the bil-
lowing of one or both mitral valve leaflets across the
plane of the mitral valve annulus into the left atrium
during systole. By definition, the leaflets should reach
more than 2 mm above the annular plane on the paraster-
nal long axis view with echocardiography (Fig. 15.1).

MVP may present as part of a systemic disorder or
as a solitary disease. It may occur more frequently in
connective tissue disorders such as Marfan syndrome,
Ehlers Danlos syndrome, and osteogenesis imperfecta.
However, in most cases, it presents as a solitary entity;
only 1-2% of all patients with MVP do have a connec-
tive tissue disorder. This chapter focuses on the soli-
tary forms.

15.3 Pathophysiology and Clinical
Aspects of Mitral Valve Disease

The solitary forms of mitral valve disease are referred
to as the classical prolapse, with the valve leaflet thick-
ness exceeding 5 mm on echocardiography, and the
nonclassical form, with leaflet thickness of less than
5 mm (both in the presence of a systolic upward dis-
placement of 2 mm). Leaflet thickening or myxoma-
tous degeneration is characterized by expansion of the
spongiosa layer due to accumulation of proteoglycans.
Also, structural alterations of collagen in all compo-
nents of the valvular system and chordae are found. It
is thought that the mechanism underlying the expan-
sion of the spongiosa layer is the result of a dysregula-
tion of the balance between matrix protein synthesis
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Fig. 15.1 (a) Parasternal long axis echocardiography showing
classical mitral valve prolapse. Both posterior and anterior myx-
omatous mitral valve leaflets are billowing up to 6.5 mm in the
left atrium during systole. (b) Apical three-chamber echocardiog-

and degradation.’ Most cases come along with a family
history of valvular disease. MVP was found in 46% of
first-degree relatives older than 20 years, whereas only
16% of patients below that age were affected, suggesting
progressive disease with age-dependent penetrance.®

The presentation of MVP is extremely heteroge-
neous, and to date no specific set of predictors for dis-
ease progression has been identified.

The diagnosis is made by physical examination.
Typically, a midsystolic click is heard, often followed
by a late systolic murmur.” The diagnosis is confirmed
by two-dimensional echocardiography. MVP gener-
ally has a good prognosis. Complications such as
severe mitral insufficiency, heart failure, thromboem-
bolic complications, and sudden cardiac death are rare,

raphy with color Doppler flow measurement showing moderate to
severe mitral regurgitation in the same patient. The left atrium is
enlarged. (c) Parasternal long axis demonstrating myxomatous
tips of both anterior and posterior mitral valves measuring § mm

especially in patients with nonclassical prolapse. Freed
and coworkers, from the Framingham study group,
found that complications affected only 3% of all
patients with MVP.* However, patients with classical
prolapse carry a 14-fold risk for complications.” It is
not surprising that patients above 50 years who have a
decreased left ventricular function, moderate to severe
mitral regurgitation, and atrial fibrillation exhibit more
complications. The risk for infective endocarditis is
raised three to eight times. However, current guidelines
for infectious endocarditis no longer advocate the use
of prophylactic antibiotics in patients with MVP. Only
patients who are known to have had endocarditis
should receive infective endocarditis prophylaxis when
appropriate.®
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Mitral regurgitation may lead to atrial fibrillation
and therefore to thromboembolic complications.
Antithrombotic medication, on the other hand, should
be given only if classical risk factors unrelated to MVP
are present. Nowadays, mitral valve reconstruction or
replacement is advocated even in asymptomatic
patients with moderate to severe mitral regurgitation.’

Sudden cardiac death occurs twice as often in
patients with myxomatous valve disease as compared
to the general population. SCD is found more often in
patients with impaired left ventricular function, mod-
erate to severe mitral regurgitation, and redundant
chordate.'” Interestingly, in a series of 200 victims of
sudden cardiac death younger than 35 years, mitral
valve prolapse was the only cardiac abnormality that
could be found in as many as 10% of cases.'' Although
patients with MVP more often exhibit atrial and ven-
tricular arrhythmias during Holter monitoring, the
exact mechanism of SCD is yet to be elucidated.’
Cardiac screening of probands and siblings may be
considered in patients with classical MVP. When con-
ducting family studies, echocardiography should be
performed in all cases. Holter monitoring can be per-
formed in the presence of complaints or a family his-
tory of sudden cardiac death.

15.4 Genetic Aspects
of Mitral Valve Disease

Classical mitral valve prolapse has long been recog-
nized as an autosomal dominant inherited condition
with reduced penetrance, influenced by age and sex.'>!*
Until today, three loci have been identified, on chro-
mosomes 16p11.2-p12.1, 11p15.4, and 13q31.3-q32.1
for myxomatous mitral valve prolapse (MMVP1),"
MMVP2,'¢ and MMPV3," respectively. All these stud-
ies were performed using linkage analysis; however,
no underlying genes have been identified yet.
Recently, an important observation was made by
Kyndt et al. who identified a mutation of the filamin A
gene to be responsible for X-linked myxomatous mitral
valves in four unrelated families.'® Interestingly, both
males and females were affected in these families
although females showed milder manifestations of the
disorder. Filamin A is an actin binding protein that
plays a pivotal role in cell motility and membrane sta-
bility. Filamin A may contribute to the development of

myxomatous changes of the cardiac valves by regula-
tion of transforming growth factor-f (TGF-f3) signal-
ing through its interaction with Smads activated by
TGF-B receptors.'** Defective signaling cascades that
involve members of the TGF-3 superfamily have been
described in impaired remodeling of cardiac valves
during development.

15.5 Summary and Conclusions

Mitral valve prolapse is the most common valvular dis-
order with a strong genetic contribution. The course of
disease is benign in most cases, but serious complica-
tions such as heart failure, severe mitral regurgitation,
bacterial endocarditis, and sudden cardiac death occur,
especially in patients with myxomatous degenerated
valves. Until now, three chromosomal loci have been
identified in autosomal dominant MVP without a spe-
cific gene identified yet. One gene, encoding filamin A,
has been identified in X-linked myxomatous MVP,
suggesting an underlying mechanism in the regulation
of the valvular cytoskeleton. More genetic as well as
clinical research is warranted to define patients at risk
for this potentially lethal condition. First-degree rela-
tives of patients with classical MVP should undergo
cardiac screening and, if sudden death has occurred,
genetic screening should be part of the workup.
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Atrioventricular (AV) Reentry Tachycardia

Denise P. Kolditz-Muijs, Monique R.M. Jongbloed,

and Martin J. Schalij

16.1 Introduction

Supraventricular tachycardia (SVT) is the most com-
mon and best known cardiac arrhythmia in both chil-
dren and adults, with an estimated prevalence of 2.25
per 1,000 in the normal population worldwide.!~ These
supraventricular arrhythmias are often repetitive, occa-
sionally persistent, and rarely life threatening.* Macro-
reentry through an anomalous atrioventricular (AV)
pathway is by far the most frequent mechanism of SVT
in children (80%) and accounts for ~30% of SVT cases
in adults."3 In adults, AV Nodal Reentrant Tachycardia
(AVNRT) accounts for most SVTs (approximately
80%); yet, this type of SVT accounts for only 5% of
SVT cases in infants and toddlers and comprises only
13-16% of SVTs in children and adolescents.® Much
less prevalent forms of SVT in both children and
adults include Permanent-Junctional-Ectopic-Tachy-
cardia (PJET) and Ectopic-Atrial-Tachycardia (EAT).

Knowledge about cardiac arrhythmias has signifi-
cantly improved in the last decades. New forms of
arrhythmias have been identified, electrophysiological
mechanisms have been investigated, and genetic stud-
ies have identified gene alterations to be the basis of a
few types of arrhythmias. While most studies have
focused on arrhythmia mechanisms in ventricular
tachycardia, the genetic and molecular bases of some
forms of SVT are being recognized with increased fre-
quency. In this chapter, the epidemiology, pathogenesis,
clinical aspects, electrocardiographic diagnosis, ther-
apy, and genetic aspects of AVRT, and in particular, the
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Wolff-Parkinson-White (WPW) syndrome, concealed
bypasses, and Mahaim tachycardia are discussed.

16.2 Epidemiology in AVRT

Atrioventricular reentrant tachycardia (AVRT) accounts
for ~30% of SVT cases in adults and is the most fre-
quent mechanism of SVT in children (80%)."> AV
Reentrant Tachycardia involves the presence of an
accessory myocardial AV pathway (AP) that bypasses
the isolating annulus fibrosus cordis. The overall inci-
dence of APs in the general population is 0.1-0.3%.”
Most APs are manifest and exhibit bidirectional con-
duction (~60-75%) as in the WPW syndrome, while
~5-27% conduct only anterogradely as in Mahaim
tachycardia, and ~17-37% are concealed (conduct
only retrogradely).®

16.2.1 Wolff-Parkinson-White Syndrome

The prevalence of WPW syndrome is 0.1-3.1 per
1,000 persons, while the overall incidence of APs in
first-degree relatives of patients with ventricular preex-
citation on the ECG is 3.4%."°

Because of its intermittent pattern, the precise inci-
dence of WPW is unknown.'” The incidence of WPW in
males is more than twice that in females.”'° Additionally,
in female patients, an incidence peak around the age of
7 years has been reported, while men are significantly
younger at first presentation than women.'® In approxi-
mately 60% of pediatric patients, the first episode of
AVRT occurs before birth or in infancy and appears to
spontaneously resolve completely in two thirds of cases
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before the age of 1 year, while more than 80-90% of
patients become asymptomatic after the first year of
life.> "' Relapse during follow-up is, however, observed
in 20-30% of these cases.'> A second new onset AVRT
incidence peak is seen around the age of 8-12 years, in
which case, spontaneous regression is observed only in
~20% of patients."

Approximately 10% of patients may have two or
more AV bypass tracts. Most patients with WPW syn-
drome demonstrate isolated ventricular preexcitation
in a structurally normal heart."* In a small percentage
of patients with WPW, however, APs occur in associa-
tion with other cardiac abnormalities or congenital
heart disease.”” WPW syndrome is more prevalent in
children with Ebstein’s anomaly of the tricuspid valve,
AV septal defects, and ventricular septal defects, while
occasionally, the WPW syndrome may be inherited.'*"'8
Moreover, coronary artery disease was found to be
associated with WPW in 6% of patients. '’

In the vast majority of cases, WPW syndrome has no
clear familial involvement, but a significant minority of
cases result from a clearly inherited disease or occurs
as part of a syndrome with a strong genetic basis.
Identification of WPW in more than one family member
should prompt clinical evaluation of relatives for addi-
tional findings of ventricular hypertrophy or conduction
abnormalities as preexcitation and cardiomyopathy (e.g.
PRKAG?2, Danon disease, Pompe disease) and preexcita-
tion and progressive AV conduction block (e.g. PRKAG?2)
are a rare combination and might imply an underlying
mutation and/or autosomal dominant trait.'” Familial
hypertrophic cardiomyopathy (HCM) is an autosomal
dominant disorder that is characterized by unexplained
ventricular hypertrophy with histological evidence of
myocyte and myofibrillar disarray and is associated with
ventricular preexcitation in 5-10% of patients and was
first described in 1960 by Braunwald et al.**2!

16.2.2 Mahaim Tachycardia

Mahaim fibers were first identified in 1937 by Mahaim
and Benatt and were initially described to extend from
the His bundle into the ventricular myocardium.”
Originally, these Mahaim fibers were classified into two
main groups: nodoventricular fibers (between the AV
node and ventricular myocardium) and fascicoventricu-
lar fibers (between the His bundle and the ventricular
myocardium). In the 1980s, it became clear that the

anatomic cause of Mahaim tachycardia is a slowly con-
ducting AV AP with decremental (or AV nodal) conduc-
tion properties, in which case, conduction speed through
the AP is negatively correlated to sinus node frequency.”
Nowadays, two types of decremental right-sided APs,
both arising from the tricuspid annulus but with differ-
ent ventricular insertions, are recognized in Mahaim
tachycardia: (1) atriofascicular (AF) connections and
(2)AVpathways (pseudo-Mahaimfibers). Atriofascicular
(AF) pathways account for 80% of Mahaim fibers and
have a long intracardiac course and insert into the distal
right bundle branch (RBB) or right ventricle near its
apex.”* Atrioventricular (AV) pathways account for only
20% of Mahaim fibers and insert proximally into the
right ventricle near the AV annulus close to the cardiac
conduction system (CCS).*

Multiple APs or dual AV nodal pathways are found
in approximately 40% of patients with Mahaim fibers.*
Mahaim fibers are found in 10-40% of patients with
Ebstein’s anomaly of the tricuspid valve.?

16.2.3 Concealed Bypasses

Approximately 17-37% of diagnosed APs are con-
cealed bypasses, which are capable of retrograde con-
duction only.® The true prevalence of concealed APs is
unknown, since its presence cannot be established on
resting ECGs. Concealed bypasses consist of myocar-
dial strands that course through the epicardial fat. The
vast majority of concealed bypasses are left-sided.”’
These pathways usually exhibit nondecremental retro-
grade conduction, which allows them to function as the
retrograde arm in orthodromic tachycardia. Sometimes,
concealed pathways can also exhibit decremental
conduction, in which case, they are associated with
Permanent Junctional Reciprocating Tachycardia
(PJRT), an unusual form of SVT.

16.3 Pathogenesis in AVRT

16.3.1 Accessory Pathways (APs)

Accessory pathways are congenital in origin, resulting
from failure of the normal developmental isolation pro-
cess of the annulus fibrosus cordis, leaving persistent
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myocardial strands coursing through the tricuspid and
mitral valve annulus connecting the atrial myocardium
to the ventricular myocardium bypassing the AV node.
Developmentally, these AV pathways derive from the
embryonic AV junctional myocardium and histologi-
cally consist of myocardial and fibrous cells. Moreover,
epicardium-derived-cells have recently been impli-
cated in the normal developmental process of annulus
fibrosis. -3

The AP in WPW syndrome, known as the bundle of
Kent, is usually located in the lateral rings of the annu-
lus fibrosis and consists of a thin muscular segment
that does not posses decremental properties.’'=* Other
less frequently encountered APs include substrates
with decremental (nodal) properties mostly located in
the septal or inferior half of the tricuspid valve and
slow conducting APs giving rise to Permanent
Junctional Reciprocating Tachycardia (PJRT).?

Mahaim fibers (mostly AF fibers) connect the atria
to the right bundle branch or to the distal right ventricle
and have decremental conduction properties.® Accessory
pathways in Mahaim tachycardia conduct only in ante-
grade direction and most often arise in the anterior wall
of the right atrium.* Sometimes, the Mahaim AP fibers
arise in the His bundle or bundle branches and insert
into the ventricular myocardium. These are generally
not involved in tachycardias and are called fasciculo-
ventricular tracts.® Histologically, APs in patients with
Mahaim tachycardia demonstrate features similar to
normal AV nodal tissue, not seen in normal APSs as in
WPW-syndrome. A possible morphologic and func-
tional etiological explanation for the appearance of
these pathways has been proposed, involving the
embryonic development of the right ventricular inflow
tract and the moderator band.*

16.3.2 Arrhythmia Mechanisms in AVRT

Accessory pathways in patients with the Wolff-
Parkinson-White (WPW) syndrome give rise to ven-
tricular preexcitation on ECG recordings during sinus
rhythm.? In contrast, the ECG in a patient with a con-
cealed AV bypass tract, which is capable of conducting
solely in the retrograde direction (from the ventricles
to the atria) during sinus rhythm is normal (no signs of
ventricular preexcitation).

Mechanistically, besides an anatomical substrate
(the AP), two additional conditions are required for

functional preexcitation during sinus rhythm to occur:
(1) electrical coupling between adjacent ventricular
and atrial myocytes, and (2) a higher conduction veloc-
ity through the AP than in the normal ventricular con-
duction system. Subsequent reentry tachycardia can
occur when (1) at least two functionally distinct con-
duction pathways are present, (2) unidirectional block
is induced in one pathway, and (3) conduction time is
slow enough over the nonblocked pathway to allow
recovery of excitability in the blocked pathway, thereby
permitting retrograde conduction over the blocked
pathway and completing the reentry circuit.***’

The macroreentry circuit in AVRT is produced in
the atrial muscle, the AV node, the ventricular muscle,
and the AP itself. This circuit facilitates continuous
alternate depolarization of the atrial and ventricular
myocardium. In typical orthodromic AVRT, the elec-
trical impulse proceeds from the atria to the ventricles
through the AV node and retrograde back up to the
atria via the AP. In this type of tachycardia, the effec-
tive refractory period of the AP exceeds that of the
normal AV nodal His-Purkinje conduction pathway.*
In orthodromic AVRT, the QRS complexes are nar-
row and a retrograde P wave can be seen embedded in
the early portion of the T wave (best seen in leads
I and V2).°

Infrequently, the reentry circuit in AVRT can pro-
ceed in the opposite direction and produce antidromic
(or preexcited) AVRT. In this type of tachycardia, the
effective refractory period of the AP is shorter than
that of the normal AV nodal His-Purkinje conduction
pathway.*® The ECG demonstrates very abnormally
wide QRS complexes resembling those seen in ven-
tricular tachycardia.’ Reentrant tachycardia may also
involve multiple APs, providing both antegrade and
retrograde conduction.*

Because Mahaim fibers conduct only in antegrade
direction, Mahaim tachycardia is always characterized
by antidromic AVRT. In Mahaim tachycardia, the ECG
findings during tachycardia are a normal or short PR
interval and an abnormally wide QRS complex with a
left bundle branch block appearance. Additional use-
ful, but nondiagnostic, features suggesting Mahaim
tachycardia instead of antidromic tachycardia in WPW
syndrome include: (1) a QRS axis between 0° and
minus 75°, (2) a QRS duration of<0.15 s, R-wave in
lead I, (3) rS complex in lead V1, (4) precordial transi-
tion in lead V4 or later, and (5) cycle length between
220 and 450 ms (heart rates of 130-270 bpm). Less
frequently, antidromic Mahaim tachycardia can use
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another AP as the retrograde limb of the reentry circuit
instead of the AV node. Additionally, Mahaim fibers
can also function as a bystander pathway, conducting
anterogradely (instead of normal AV nodal antegrade
conduction) during AVNRT, atrial flutter of atrial
tachycardia.*

16.4 Clinical Aspects

16.4.1 AVRT in General

Episodes of AVRT are mostly characterized by parox-
ysmal regular palpitations with a sudden onset and ter-
mination, in contrast to sinus tachycardia, in which
gradual acceleration and termination is observed.
Arrhythmia-related symptoms in AVRT include palpi-
tations, fatigue, lightheadedness, chest discomfort, dys-
pnea, presyncope, and syncope (in ~15% of patients).
Polyuria is seen in sustained SVT and is caused by
release of atrial natriuretic peptide in response to
increased atrial pressures from contraction of the atria
against a closed AV valve.*

Symptoms of AVRT in infancy differ from those in
childhood or adolescence. Newborns may present with
a history of fetal tachycardia, signs of left ventricular
dysfunction, or even with hydrops fetalis, representing
severe heart failure from persistent rapid fetal tachy-
cardia.”**' Neonates can also present with new onset
incessant and difficult to treat tachycardia at birth with
no history of any fetal tachycardias.> Moreover, neo-
nates with AVRTs are at high risk for sudden cardiac
arrest as cardiac reserve in neonates is very small and
typical AVRT with heart rates exceeding 200/min. can
lead to life-threatening myocardial dysfunction within
a few days. ©

In infants, symptoms of AVRTSs are inconspicuous
and mimic those of many other common illnesses in
infancy, including irritability, poor feeding, tachypnea,
diaphoresis, and poor color. Most infants with AVRT
have structurally normal hearts, while in 15% of
patients, tachycardia is associated with heart disease,
drug administration, or febrile illness.’

Older children and adolescents complain of palpita-
tions (in excess of 150/min.), general malaise, indistinct
pressure or discomfort in the throat, isolated head-
aches, fatigue, chest discomfort, shortness of breath, or

lightheadedness. Syncope is unusual and may indicate
life-threatening arrhythmia. In adolescence, typical
SVTs are characterized by a sudden onset (often in rest)
and sudden termination of tachycardia.

16.4.1.1 WPW Syndrome

Patients with WPW syndrome usually present with the
same symptoms as of other forms of AVRT, but addi-
tionally, episodes of atrial fibrillation are reported in
20-30% of adult patients with WPW syndrome, while
atrial fibrillation is uncommon in children.*** These
episodes of atrial fibrillation are clinically important as
extremely rapid rates can occur over the bypass tract,
leading to hemodynamic deterioration or ventricular
fibrillation.

While sudden death (SD) in ventricular preexcita-
tion syndrome is rare with an overall risk rate of 0.006
per patient-year, and mostly occurs in young and other-
wise healthy individuals, it can be the first manifesta-
tion of the WPW syndrome in previously asymptomatic
patients.” A clinical history of irregular and paroxys-
mal palpitations in a patient with baseline preexcitation
suggests episodes of atrial fibrillation, which requires
immediate electrophysiological evaluation as these
patients are at risk for sudden death.*

Pathophysiologically, in most cases SD results from
arapid ventricular response to atrial fibrillation over an
AP with a short refractory period.* In these cases, if
atrial fibrillation (AF) develops, the normal rate-limit-
ing effects of the AV node are bypassed as the impulse
is conducted antegradely 1:1 through the AP, and the
resultant excessive ventricular rates (sometimes 200—
240 beats/min) may lead to ventricular fibrillation and,
ultimately, sudden death. Atrial fibrillation might be
secondary to AV reentrant tachycardia (AVRT)* or be
triggered by a primary atrial pathology (such as atrial
myocarditis), as was demonstrated in a clinicopatho-
logical series on 273 SDs in children and young adults
(aged <35 years), in which 50% of SD patients with
ventricular preexcitation, additional to the AV bypass
tract, showed isolated acute atrial myocarditis on his-
tological examination.*® Anamnestically, syncope or
near-syncope in patients with WPW might indicate
high risk of sudden death and would warrant risk
stratification.

Risk stratification in patients with WPW includes
exercise testing and programmed electrical stimulation
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(PES) during invasive electrophysiologic testing.
Individuals with WPW syndrome in whom the delta
waves disappear with increases in the heart rate during
exercise testing are considered at lower risk of SD.
This is because the loss of the delta wave shows that
the accessory pathway cannot conduct electrical
impulses at a high rate (in the anterograde direction).
These individuals will typically not have fast conduc-
tion down the accessory pathway during episodes of
atrial fibrillation.”” When delta waves do not abruptly
disappear during exercise testing, an electrophysiolog-
ical study to evaluate the properties of the AP and the
propensity to develop AF or other tachycardia in WPW
syndrome can be considered,* as recent studies have
reported that asymptomatic young patients with
induced tachycardia and short AP refractory period
benefit from the preventive RF ablation of the AP.*-!

Patients are considered to be at high risk for ven-
tricular fibrillation when the shortest interval between
two subsequent preexcited ventricular beats during
atrial fibrillation is less than 220 ms.”> It is unclear
whether invasive risk stratification (with programmed
electrical stimulation) is necessary in the asymptom-
atic individual.** While some groups advocate PES for
risk stratification in all individuals under 35 years of
age, others offer it only to individuals who have history
suggestive of a tachyarrhythmia as the incidence of SD
is so low.'”%

16.5 Electrocardiographic Diagnosis

16.5.1 WPW Syndrome

While during sinus rhythm the ECG of patients with
concealed bypasses is normal,® the typical ECG
recorded during sinus rhythm in patients with WPW
syndrome shows ventricular preexcitation manifested
by: (1) a short PR interval, (2) a wide QRS complex,
and (3) initial slurring (delta wave) of the QRS com-
plex. In most patients, ventricular preexcitation is pres-
ent at all times and all heart rates, while in some cases,
preexcitation is intermittent. In the latter, preexcitation
is usually present only at lower heart rates.’® During
tachycardia, in case of orthodromic AVRT, the ECG
demonstrates narrow QRS complexes and a retrograde
P wave embedded in the early portion of the T wave

(best seen in leads II and V2), while the QRS com-
plexes are very abnormally wide in antidromic AVRT,
resembling those seen in ventricular tachycardia.’ A
fast, broad, irregular (“FBI”) tachycardia on the ECG
should trigger the awareness of atrial fibrillation with
conduction over an accessory pathway (WPW).%

16.5.2 Mahaim Tachycardia

During sinus rhythm, the ECG in patients with Mahaim
fibers is usually normal due to preferential ventricular
activation via the AV node at normal rest heart rates. In
contrast to the WPW syndrome, during sinus rhythm,
no delta wave is present in patients with Mahaim fibers.
Enhanced vagal tone or rapid pacing may however
slow AV nodal conduction and favor conduction down
the Mahaim fiber. Sometimes, a random discrete jump
from AV nodal conduction to Mahaim conduction or a
fusion complex of AV nodal and Mahaim conduction
can be seen. In some patients, the relative refractori-
ness of the AV node and the Mahaim fiber may change
with time, in which case, a variable degree of preexci-
tation may be seen on resting ECG. During tachycar-
dia, the ECG demonstrates very abnormally wide QRS
complexes (antidromic AVRT) with a left bundle
branch block pattern, resembling those seen in ven-
tricular tachycardia.>*

16.6 Treatment

Regardless of SVT type, maneuvers that increase para-
sympathetic (vagal) tone, slow down conduction
through the AV node, and break the reentry circuit
responsible for SVT, apply to all patients. Different
measures may be successful in different patients and
include placing an ice-bag around the nose and mouth
or abdomen, immersing in ice-cold water, applying the
Valsalva maneuver (take a deep breath and bear down),
pressuring on the abdomen, performing the carotid
sinus massage, or blowing on a thumb.?

Acute treatment with intravenous administration
of adenosine as a rapid bolus usually breaks the
AVRT and is also safe in children of all ages. When
symptoms resume, however, beta-blockers (e.g. pro-
pranolol), digoxin, procainamide, a calcium blocker
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(e.g.verapamil), or amiodarone should additionally
be administered.”” Patients with WPW syndrome
should however not be treated with medications
which enhance conduction along the bypass tract and
hence increase the risk of atrial fibrillation degener-
ating in ventricular fibrillation, such as calcium chan-
nel blockers and digoxin.'”

In chronic management of AVRTSs, conservative
treatment with class I anti-arrhythmic drugs, beta-
blockers (class II), and/or amiodarone (class III)
achieves a 70-80% efficacy in prevention of arrhyth-
mia relapse.” General prophylactic treatment with
antiarrhythmic medication is prescribed to infants
younger than 1 year of age. At the age of 1 year, this
prophylactic treatment is temporarily discontinued in
order to see if tachycardia recurs.” After thorough
evaluation of the risk/benefit ratio, radiofrequency
catheter ablation (RFCA) has been shown to be a
highly effective definitive treatment even in the pediat-
ric age group.“"® Since the risk of fatal complications
is estimated to be up to 0.3% in children less than 4-5
years of age, the Pediatric Radiofrequency Catheter
Ablation Registry advises to restrict the indication for
RF ablation to children older than 10-12 years."”
Currently, main concerns in pediatric RF ablation
focus on X-ray exposure and possible damage to the
CCS," in which respect, new systems of 3D mapping
or the “non-contact” system and the introduction of
cryoablation are very promising.5-%>

During a RFCA procedure, the tissue is locally
heated to 50-60°C through the small metal tip of a RF
catheter by alternating current at 350 kHz to 1 MHz,
producing a permanent small scar measuring approxi-
mately 4 mm in diameter and 4 mm in depth.®® The
initial success rates of RFCA exceed 95%.*!!
Complications in RFCA are rare and result from radia-
tion exposure, vascular access (hematomas, deep
venous thrombosis, pneumothorax, and arterial perfo-
ration), catheter manipulation (valvular damage,
micoremboli, perforation of the coronary sinus or
myocardial wall, coronary artery dissection, thrombo-
sis) or delivery of RF energy (AV-block, myocardial
perforation, coronary artery spasm, transient ischemic
attacks, cerebrovascular accidents).*

In acute management of patients with WPW and
atrial fibrillation and rapid ventricular response, direct-
current cardioversion is usually the treatment of choice.
The usual rate-slowing drugs (e.g. beta blockers) used
in AF are not effective in AF in WPW, and digoxin and

the nondihydropyridine calcium channel blockers
(e.g., verapamil or diltiazem) are contraindicated
because they may increase the ventricular rate by
enhancing conduction along the bypass tract and cause
ventricular fibrillation. In emergencies, adenosine can
be used to terminate AVRT in WPW syndrome. If car-
dioversion is impossible, drugs that prolong the refrac-
tory period of the accessory connection should be used.
Intravenous procainamide or amiodarone is preferred,
but any class Ia, class Ic, or class III antiarrhythmic can
be used.* In chronic management of AF in WPW, med-
ications that prolong AP refractory periods (flecainide,
propafenone, and amiodarone), preventing rapid AP
anterograde conduction (from atria to ventricles) in
atrial tachycardias such as atrial fibrillation or flutter,
are used.®

16.7 Geneticsin AVRT

16.7.1 WPW Syndrome

16.7.1.1 Genes

In the majority of cases, WPW syndrome has no clear
familial involvement (nonsyndromic or isolated preex-
citation), while a minority of cases result from a clearly
inherited disease or occur as part of a syndrome with a
strong genetic basis (syndromic preexcitation). While
in isolated WPW syndrome no disease genes have yet
been identified, in syndromic preexcitation — WPW as
a component of a more extensive cardiac disease or as
part of a multisystem syndrome — multiple disease
genes have been identified.”

The genetic basis of isolated WPW syndrome is still
unkown. Vidaillet et al. however found that the preva-
lence of APs in first-degree relatives of 383 patients with
proven ventricular preexcitation on the ECG was 3.4%,
while the overall prevalence of WPW syndrome in the
general population was estimated at 0.15%.” Patients
with familial isolated ventricular preexcitation were
found to have a higher incidence of multiple APs and an
increased risk of SD compared to patients with ventricu-
lar preexcitation in the general population, and the pat-
tern of inheritance appeared to be autosomal dominant.’

Syndromic preexcitation includes glycogen storage
hypertrophic cardiomyopathy (HCM) associated with
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WPW ventricular preexcitation syndrome and progres-
sive CCS disease.* This has been identified as an auto-
somal dominant trait of which the gene has been
localized on chromosome 7q34-q36.9"-% A point muta-
tion in the PRKAG2 gene, which encodes the regula-
tory y-subunit of AMP-activated protein kinase
(AMPK), results in the substitution of glutamine for
arginine (R302Q).%

Another known syndrome associated with ventricu-
lar preexcitation includes Pompe disease, an autosomal
recessive lysosomal glycogen storage disorder due to
deficiency of acid alpha-1,4-glucosidase or acid
maltase.”° Danon disease is also a syndrome associ-
ated with ventricular preexcitation and is an X-linked
lysosomal storage disorder with mutations in the
Lysosome-associated protein 2 (LAMP2), which usu-
ally presents in young males with mental retardation,
skele